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FOREWORD 


Db. Tolajjsky’s book has its origin in a series of lectures which 
for many years has formed part of the course given to the 
second year Honours Physics students at Manchester Uni- 
versity. An undergraduate must spend most of his time in 
inastermg the classical treatment of the main divisions of 
pbysics-— heat, including thermodynamics and kinetic theory, 
optire, electncity and magnetism. In my opinion the teacher 
must restram himself from introducing too much “ modem 
physics mto an Honours course. When aU is so new it is 
hard to p^^e a sense of proportion. Much of the story of 
mo em physics is that of the triumphant discovery of new 
tacts by means of apparatus on a previously undreamed-of 
scale which IS o^n a triumph of engineering design and con- 
s ruction. The fitting of these facts into a clear pattern has 
either not yet been achieved, or is only to be apprehended by 
the advanced expert ; and therefore their study does not form 

a good tramii^ ground for the undergraduate. 

At some pcant, however, the. student has to be introduced 
to the fundamental change in outlook which has taken place 
smee the beginning of this century. He will wish to under- 
stand where classical physics breaks down, and why heroic 
meMures had to be adopted in discarding old ideas. He should 
be^ to appreciaite the power of the new quantum mechanics, 
md TOmething of the symmetry and beauty of its conceptions, 
n o ac^eve this result it is not necessary to give him 

a recital of the latest discoveries. A treatment which is largely 
tostoneal a good basis, because it is so important that 

the_ order shoidd be right, that he should recapture something 
of the be^derment of the classical physicist, and then his 
exei men when new conceptions of the physical world 
resolved chaos mto pattern. 

result of a behef that 
the student should get this inteoduction in his second rather 
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than Ms third year. It formed a background for his final year 
of intensive study. At the sarte time, as he could not be over- 
loaded with detail at this stage in his studies, difficult mathe- 
matical treatments were avoided and the main stress was on 
qualitative de'scription of phenomena and their interpretation. 

TMs course became a tradition in the Manchester Physics 
Laboratory, and many members of the staff contributed to it. 
It has been attended by quite a number of Ph.D. candidates 
from the chemical and other departments. It has always been 
one of the most interesting courses for the teacher to plan, and 
I tMnk the students have found it interesting too, 

A book cannot take the place of lectures. Particularly in a 
course such as this, when the lecturer is trying to give a new 
trend to his students’ thoughts, he must depend on numerous 
graphic illustrations, on colloquialisms, on attacks from a new 
angle when he sees that his class has not grasped the point, 
and other devices wMch are the justification of the lecture 
system but out of place or impossible in a book. Yet the 
student must have a book to wMch he can refer, and there has 
been a real need for a first introduction to atomic physics which 
will give him what he wants without taking him too far. In 
my opinion. Dr. Tolansky has admirably supplied this need. 
He gives the right emphasis to each part of the subject, and 
the standard is what it should be. I believe his book wiU be 
warmly welcomed by students and teachers, and I wish it 
every success. 

VV. L. BBAoa. 

January, 1942 . 



PREFACE . TO THE SECOND' EDITION ' ; ; : 

Tn ' preparing this new edition the opportunity, h&s been' taken 
» ’ to check the whole of the text carefully so as' to eliminate 
errors which occurred/in the first edition and tO' improve and 
clarify the phraseology in many places. ' I am particularly 
grateful to Dr, N. Feather of Cambridge for his help in reading 
the whole book with critical care. 

Apart from these corrections the book as a whole remains 
practically unaltered, for there has been little progress in 
fundamental atomic physics since the writing of the earlier 
edition. A few minor alterations have how<sver been made. 
The more important amongst these include, the recent modifi- 
cation of Townsend’s theory of ionisation by positive ions, a 
more satisfactory derivation of Langmuir’s thermionic equa- 
tion, the removal of some obscurity in spectroscopic notation, 
alterations to six diagrams, and the bringing up to date of the 
numerical values of the fundamental constants, which are of 
course always being slightly modified. 

My thanks are again due to Dr. W. H. Taylor of the College 
of Technology, Manchester, for a further revision of the 
chapter dealing with crystal structure. 


S. Tola^sky, 



PREFACE 

This book Fas been written in an attempt to meet a real 
need. It aims at introducing in an elementary manner a 
fairly comprehensive survey of modern atomic physics to 
students who have already passed through an Intermediate 
course. It is based upon a lecture course which the writer has 
delivered for some years past to Second Year Honours (Physics) 
and Third Year Honours (General) students at the University 
of Manchester. 

Every effort has been made to keep up to date the rapidly 
expanding material. With so wide a field to cover selection 
of subjects is inevitable, and as a result omissions arise of 
necessity. It is^ felt that the inclusion of chapters ppon 
magnetism, electron optics, molecular spectra, low tempera- 
ture, and many other aspect® all of which can legitimately be 
classed under the heading of atomic physics, would add so 
much to the length of the book as to render it too cumbersome 
for a course extending over one year only. 

An extensive list of references has not been included since 
it is unlikely that the student for whom this book is intended 
win find time to go to the very large number of original 
sources involved in so wide a field. 

The writer wishes to express his deepest appreciation to Sir 
Lawrence Bragg, F.R.S., Cavendish Professor of Physics in the 
University of Cambridge, who has been of the greatest help and 
has given invaluable advice. He has been kind enough to revise 
many chapters. The writer has had the further privilege of 
being able to refer freely to the lecture notes of Sir Lawrence 
Bragg. 

The writer’s warmest thanks are due to Professor P. M. S. 
Blackett, F.E.S., Langworthy Professor of Physics in the 
University of Manchester, who has given him constant 
encouragement and help in both the selection of material md 
revision. Dr. Janossy of Manchester University and Dr. W. H. 
Taylor of the College of Technology, Manchester, have kindly 
assisted by revising chapters; Dr. N. Feather of Cambridge 
has been particularly helpful in revision, and his assistance 
has been of great value. 

Janmry , 1942. 


S. Tolaksky. 
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CHAPTER 1 


THE CONDUCTION OF ELECTRICITY THROUGH 
GASES 

Introduction 

The rapid development of modem atomic physics since the 
close of the nineteenth century has been due largely to the 
study of electrical discharges, radioactivity, and the properties 
of electromagnetic radiation in its various forms. As far back 
as 1803, Dalton showed that matter is atomic in nature, and 
ten years later F ront suggested that the different kinds of 
atoms are built up out of the simplest, hydroge n. The dis- 
covery of the Periodic Table of the elements by Mendeleeff 
pointed to the existence of some recurrent stracture factor 
within the atoms themselves, hinting at the probable existence 
of sub-atomic constituent components. In the hands of gir 
J. J. Thomson, the study of the discharge of electricity through 
rarefied gases led to the discovery of the electron, and it 
became clear that electricity is atomic in nature also, an 
electric current or an electric dtecharge consisting of the flow 
of negatively charged atoms of electricity, each having a mass 
about two thousand times less than that of the hydrogen atom. 
These particles, the electrons, were found to be sub-constituents 
of every kind of atom. They carry a charge which is the 
smallest that can be observed in nature, all charges being 
simple multiples of the elementary unit, the electronic charge. 

Soon after the discovery of the electron, RuthfizGard’s re- 
searches in the new science of radioactivity led him to conclude 
that an atom is formed out of a massive small uunleuR armind 
which rotate the relatively light electrons. More recent work 
has revealed the fact that the individual atomic nuclei are 
highly complex, being built up by different rearrangements of 
a few fundamental particles, not so very different in fact from 
the structure suggested in a crude fashion so long ago by 
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jprout. Some of these atomic nuclei are unstable and occa- 
sionally spontaneously disintepate with the emission of 
radiation. This is the essential phenomenon of radioactivity . 

The knowledge that both matter and electricity are atomic 
prepared the -way for the development of Planck’s quantum 
theory, which proved that radiation is also atomic. According 
to the quan tu m theor y, as elab orated by Einstein, electro- 
magnetic radiation travels in s maE-jdiBcrete packets, called 
quanta, ^ which are in eifeet atoms o f.jadiatiQn. El ectro- 
mimetic.,ra^a^Qm isJaLi onger to beJdmugl^ a „eon- 

tinuo uslv expanding attenu aMit&-Baa.ye form, but ..a,?., a .atoaigi 
of parti cles, the en ergy of eachji®maaning constant w hils t- it 
travels outw ards ygi th . th e vel ocity of light. Thus the classical 
concepts of continuity which flourished at the time of Maxwell 
and Kelvin have now been discarded in favour of atomicity 
conceptions. Most of the important modem developments 
began with the study of the discharge of electricity through 
gases. This will now be discussed. 

'^he eleetrioal eonduetlTity of gases 

A gas in its normal state hardly conducts electricity at all, 
a fact known for centuries. However, when a carefully 
insulated gold leaf electroscope is charged, even if precautions 
are taken to eliminate leakage from the gold leaf supports, a 
slow discharge of electricity is observed. Experiments con- 
ducted by C. T. R. Wilson on this effect in 1900 proved that 
the leakage was taking place through the air contained in the 
electroscope chamber. The observed conductivity was very 
small and was proportional to the amount of air enclosed in 
the apparatus. Normal air is, in fact, almost a perfect insu- 
lator, and indeed were this not so the study of electrical 
phenomena might never have developed at all. 

Although t he conducti v ity of gases i n th e normal statq is 
ver y small indeed all gases can be put into a relativel^igUy 
c^raucting state by a number of means. Thus, for imtance, 
the combustion gases dra^ from above flames are foundfto 

i rradiated by ultra-vi)^ light or by X -myg. or if ete^c 
sparks are passed in it, and s o on. The state of conductWty, 
once created, existe for "some time, but if not continuously 
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' renewed; k until it disappears. „ TMs can '; 

be proved, by irst producing' a conducting' state in: a 'gas^ and' ■ 
then sucking this gas through a long tube into, an ele'ctroscopev ■ 
The electroscope'' is dischargedy, showing that ■ thC' gas retains its ; 
conductivity during its passage through the long tube If the 
agent producing the state of conductivity is removed the power 
of the gas to discharge the electroscope quickly diminishes 

and vanishes. When the cQnduc ting.4ms i s passed th rough a_ 

cotjcai, jgQp l plug o r bub^d^ thr^^^ 

di8ap|)ears. The same occurs if it is passed between a pair of 
plates maintained at a large potential difference. These 
properties prove that the conductiv it y is due to the presence 
of electrical ly charged particles in the_gas. Observations show 
that a gas in a" cbnducfi state is not chM*ged as a whole, 
hence an equal number of negatively and positively charged 
particles must exist in this state. The particles are called 
negative and positive ions respectively, the production of 
conductivity being called ionisation. 

Variation of current with applied voltage 
If a voltage is applied across two plates between which 
there is an ionised gas, an electric current flows, since the 
charged particles move towards 
the plates. When the potential 
difference between the plates 
is varied, the resulting ionisa- 
tion current does not obey 
Ohm’s lam The variation of 
current with potential differ- 
ence can be studied with the 
simple apparatus shown in 
Mg. 1 . 'L' .X-rays act as a source 
producing a constant number 
of io.ns: per 'second between 'the 
' piateS'. ' An, . electrical field is 
' 'maintained' ■, across ' these by 
means of a large battery. When the current passing, betTrveen 
the plates is plotted' against ' the applied voltage,' the curve 
shown in Fig. 1.2 is obtained.. The current at first obeys 
Ohm’s law' but then quickly ceases to ' increase, reaching a 


X'- ray ft 
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constant value called the saturation current. When a vejy 
high potential is applied the current suddenly begins to increase 
very rapidly. For air at S.T.P. the ionisation saturation 
current remains constant up to an applied field of 30,000 volts 



Fig. 1.2 

per centimetre, before suddenly rising. The value of th e 
saturatioa -current de pe nds only npon- t he .a.m Qnnt.jQf. iQniaatinp 
between the plates. It therefore increases -with incrftaainpf 
volume and increasing pressure between the plates . It is 
proportional to the mas s of gas be tween them. ~~ 

Recombination of ions 

It is clear that when saturation is reached the number of 
ions created by the ionising agent is equal to the number 
removed by the applied field. However, even when no field 
is applied to remove the ions created, the number present, 
for a given agent, does not go on increasing indefinitely but 
after some time reaches a steady state. This is occasioned by 
the fact that the positive and negative ions tend to recombine 
when they are brought into collision with each other as a 
result of gas kinetic movements. The recombination of a pair 
of oppositely charged ions leads to the disapi)earance of two 
charges so that recombination destroys the existence of the 
ions. Consider what takes place if we have a constant 
ionising agent producing q positive and q negative ions per 
second in the gas, each with an electrical charge e. At a 
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.given time le^ n ions of eacli kind in a cubic centi- 

metre .of the gas. Theprobability of a positive ion colliding with 
a .given negative ion is proportional to w, and aa there are n 
positive ions, in the cubic centimetre of gas, ■ the' number of col- 
lisions between positive and negative ions is proportional to 
* i.e. it will equal where a is a constant called the coefficient 
of recombination. The rate of increase of ions after time f is 
, given by dnjdt^q—an^. If the ionising agent is removed, q is 
made zero and we have dnjdt^—an^. When integrated this 
gives n— n^j {!-{■% Qat)^ being the value otn at time ^==0. 

The recombination coefficient a was first measured by 
Rutherford by the application of the formula just derived for 
n. The apparatus used was simple. Ionised air was sucked 
through a tube at a known rate. The io|iisation at three 
points along the axis was measured by means of the electrodes 
introduced for the purpose. The saturation ionisation current 
at any point is proportional to the number of ions there. 
Since the velocity of the air current can be measured, the time 
taken to pass between points a known distance apart can be 
determined. Thus the formula n=??.o/(l+%a^) can be applied 
and a value for a derived. The tube is wide in order to reduce 
ion losses by diffusion to the walls. 

Since Rutherford’s first measurements, many ingenious and 
more accurate methods for measuring a have been devised, 
and values for the recombination coefficient are known for 
many gases. Most of these methods require a knowledge of 
the velocities acquired by the ions in electric fields. The study 
of ionic velocities is of practical importance in connection with 
many aspects of the electrical discharge through gases and 
furnishes valuable information about the ultimate nature of 
the ions. The next section will therefore deal with the measure- 
ment of ionic velocities. 

✓ • ' 

. The mobilities of ioBs 

When gaseous ions are produced between two plates, main-. 
tained at a- potential difference they accelerate towards the 
■plates under the influence of the field. : If the field strength is 
X and .if c and m. are respectively the charge.; and mass of eacli 
io.n, the acceleration is a=Xe/m. After a short, time,, .!, each 
.ion. collides with a neutral gas molecule . and is' ■ effectively 
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brought to rest. The time t is that needed to travel over the 
mean free path between the gas molecules and oan be calcu- 
lated by the aid of the kinetic theory of gases. The ion, 
starting from rest, is again accelerated by the field and once 
more is brought to rest after time t. The velocity acquired at 
the end of each of these mean free paths is v'—at—Xetjm. 
Clearly, as the collisions are repeated right through the gas, 
the ions travel across with a net velocity and not with an ac- 
celeration. The mean value of this drift velocity is v =Xetl2m, 
since the ions begin from rest after each collision. For any 
particular type of ion in a gas at a given pressure, e, m, and t 
are constants, hence the ionic velocity is v~kX where A: is a 
constant and is equal to the velocity acquired by the ion due 
to the action of .a field of 1 volt per centimetre {i.e. X=:l ). 
This constant, k, is called the ionic mobility. 

There are many different ways for measuring ionic mobilities, 
not ail of which are equally good. The earliest measurements 
were made in 1897 by Rutherford, and since that time the 
mobilities of both the positive and negative ions in a large 
number of gases and vapours have been determined. We 
shall consider here only one of the most recent methods, due 
to Tyndall. This is capable of a high 
A 8 CD order of accuracy and is illustrated in 

Pig. 1.3a. A, B, C, D are four similar 
sheets of metal gauze and E a plate 
connected to an electrometer. Ions are 
brought up to A by means of a suitably 
directed field. An alternating yjotential 
is applied between A and B so that 
successive bursts of ions are pulled through into the space BC. 
The main field is maintained between the gauzes B and C, the 
ions travelling to C in a time depending upon the mobility. 
An alternating potential in phase with that between A and B 
is also applied between C and D. For certain values of the 
frequency of the alternating field, ions of a given mobility 
arrive at C when the potential there is ready to pull them 
through on to the recording plate E. 

Suppose that ions of only one mobility are present, then, if 
the current received at E is plotted against the frequency of 
the alternating potential applied at AB and CT) a curve similar 
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to that shown in Fig. 1 . 36 is obtained. This consists in effect 
of a series of several orders of diminishing intensity, for not 
only do ions get through when the alternating period is such 
that the ions travel from B to C exactly in one period, but also 



when the frequency is twice, three times, etc., this fundamental 
frequency. If different ions are present each produces its own 
characteristic peaks. From the frequency at which each peak «• 
occurs the time taken to travel the distance BC under a known 
field can be calculated and so the value for the mobility can be 
derived. 

The following considerations show how it is that high 
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Time 

Fig. I, 4a 

accuracy can be achieved. Suppose that the altamating pulse 
is of the form shown in Fig. 1.4a. At the beginning of a 
pulsCj the ions situated at A. (Fig. 1 . 46) move . across AB' and 
at the, end .of the pulse have reached F. Only those, ions which 
pass i.e.. those between BF, move across,' the, .main field, 
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since the pulse alternation keeps back the rest. The mobility 
and pulse frequency are such that the ions just reach C at the 
beginning of the next pulse, enabling the entire ion flash Bli' 
to pass, through to the collecting plate E. At frequencies other 
than integral multiples of this, no ions will get through, and by 
making the pulse short, the width of the layer BF can be made 
small compared with AB. This results in a high resolving 
power and also suppresses the higher order frequencies. 

'^The nature of the ions 

The earliest observations, although only approximate, 
revealed a difference between the mobilities of the negative 
and positive ions in a given gas, the former being larger than 
the latter. From the very simple kinetic considerations which 
give the ionic velocity as ®=Xet/2m, it follows that vfj'K 
should be constant, where p is the gas pressure, since the mean 
time t between collisions is inversely proportional to the 
pressure. Early workers found this to be true over ijuite a 
wide range of pressure. This being so, it seemed that the 
approximate formula was obeyed and could therefore be 
employed for the determination of the mass of the ion. In 
all cases the values found for the ionic velocities were such 
that the masses derived were greater than the molecular 
weight of the gas through which the ion was moving. The 
ion was therefore considered to consist of a cluster of gas 
molecules instead of being regarded as a single ionised molecule. 

Since at the time the earlier work was carried out little was 
known about atomic binding forces, it was taken for granted 
that if, for example, ions were being produced in nitrogen, the 
original ionised nitrogen molecule would attract to itself 
neutral nitrogen molecules thus constituting a cluster with 
mass exceeding the molecular mass of nitrogen. A great deal 
of experimental work was carried out in connection with thi.s 
point. The recent work of Tyndall has proved that much of 
the earlier results have very little meaning because of lack of 
attention to very strict conditions of purity. He proved that 
clusters form when impurity molecules are present, the cluster 
consisting of the original ion to which is attached a small 
group of impurity molecules. When the gases employed are 
very highly purified, and mobility measurements are made at 
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low pressures, the mobilities are found to be greatly increased, 
particularly for the negative ions, owing to the tendency to 
shed the cluster and, in fact, under such conditions the negative 
ions remain as free electrons. 

The marked effect of impurity is shown in Fi^. 1 .5 in which 
the velocity is plotted against X/p for ions in air. This should 
lead to a straight line. With impurity present this is the 
case, showing that, as the pressure is reduced, the ion retains 
its clustered mass formation, but when the gas is very dry 



Fig. 1.5 

aiid purej the negative ion mobility increases at such a rate 
that the mass must be considered to diminish considerably as 
the presswre is reduced. 

Each particular impurity introduced has its; own specific 
effect. , The mobility of negative ions is considerably reduced 
by, the addition of polar molecules, i.e. molecules like H2O, 
CH3.OH, CoHgOH', etc,, , the;' reduction increasing with the 
co'nceiitration. of the impurity. ".-When the aliphatic' alcohols 
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the amoimt of decree mobility is found to be proportional 
■ to the length of the molecular chain. This is to be expected 
if the clusters do actually consist of the impurity molecules, 
; as :the greater the molecular chain length, the greater will be 
the radius of the cluster and so the smaller the velocity {the 
effective mean free path is reduced). This view is -strongly 
supported by the fact that non-polar molecules (e.g. decane), 
which can have little tendency to cluster formation, have very 
little effect on mobility. It is considered probable that each 
cluster is in a dynamic state, continually losing and capturing 
molecules. 

The effect of age 

Careful studies jnade in 1929 by Erikson upon the properties 
of positive ions a very short time after their creation have 
thrown considerable light upon the mechanism of cluster 
formation. In these experiments, the ions, immediately on 
formation, are dragged across an air stream by an electric 
held, the displacement down the stream during the time of 
crossing being an inverse measure of the mobility. By using 
high streaming velocities, mobilities could be measured when 
the age of the ion was as small as one five-hundredth of a 
second. With such short-lived ions it was found that both 
the positive and negative molecular ions have initially the 
same mobility. Any differences arising after ageing must be 
attributed to differential polar clustering. A progressive 
decrease in mobility takes place up to an age of about two 
seconds if even small quantities of polar impurif^ty are present 
(water vapour is usually present in small amounts unless 
special precautions to eliminate it l*ave been taken). Since 
<at normal pressure a single molecule can make as numy as 
collisions during the 2 seconds, only a minute amount of 
impurity need be present for cluster formation to set in. 

If the conditions of purity can be maintained sufficiently 
strictly to avoid the formation of clusters, then each foreign 
ion in a given gas should have its own specific mobility. If, 
for example, helium ions, or hydrogen ions, are sent through 
air, the mobilities measured should be characteristic for iselium 
and hydrogen respectively in ’an atmosphere of air. The gas 
used must be very pure before this condition is arrived at, and 
as a further precaution observations must be ma<ie nne^n \r.y^c. 
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whose ages areOless than' 2,xl0~^ second, thereby,; redtieing 
.practically to zero tho chances,; of. cluster formation.; Under 
such conditions; Tyndairfi^ is constant over a 

very . wide range, ^ 'as the simple theory requires. '■ Because of 
this it is possible to reduce all observed mobilities, determined 
under strict conditions, to a standard pressure (usually atmo- 
spheric) for the purposes of comparison. This has led to 
important conclus-ions. 

Thtf effect of ionie mass on mobility 
The discussion immediately following concerns the mobpties 
of ions fic/orc clusters are formed, that is, it concerns specffic 
mobilities of different ions. Tyndall and co-workers have 
made extensive observations on the mobilities of many types 
of ion in different gases. Table I exhibits "a selection made 
from these results for ions of the alkali metals. The mobilities, 
in cm.^/sec. volt., were measured in helium, neon, nitrogen, 
and water vapour respectively as carrier gases, and refer to a 
pressure of 760 mm. Hg and 18"^ C. 

Tabi^e I 


. , ' Toiw 

Gas 

H© ■ 

■ Ne 

N, 

nfi 

Li-f . . ,. . . ^ 

25‘8 

11‘8 

4*2 ■ 

0*73 

Ha!- . ; . . . 

24*2 

8*7 

3*0 

0*72 

. .. . . . 

22*9 

7-2 

■ 2*7 ,- 

0*71 

Rb+ 

21-4 

6*5 

2*4 

0*70 


■ For any given gas the mobility falls .regularly with ionic 
mass. Fig. 1 . 6 shows the general relation between ionic mass 
and mobility found by Tyndall from observations upon sixteen 
different ions, passing through- nitrogen as carrier -gas. '. The 
observed masses extend from that of lithium to that of thallium. 
The mobilities fall upon a perfectly sm^ooth curve proving: that 
the mobility, is determined only by the ionic mass, ' 

Useful information can be obtained by means of the 'mass- 
mobility ■ relation about the mature of certain types of ion:. 
When, for inst^^ hydrogen is introduced into nitrogen ' the ' 
.ions which .are formed, when, -the ■ mixtuiB is . excited,^ have 
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mobilities which fall upon the curves at mass points corre- 
sponding to NH 3 showing that the ions consist of NH 3 . 



The only deviation from the nitrogen mass-mobility curve 
is shown by nitrogen ions. There are theoretical reasons 
which explain why this should be so. 

The relation between mass and mobility 

A theoretical relation between mass and mobility was 
derived in 1905 by Langevin, based upon a simplified theory 
which assumed, for purposes of calculation, that the ions can 
polarise the gas molecules, which are regarded as elastic 
spheres. The mean free path of the ion in the gas can then be 
calculated and this leads to an expression for the mobility which 
is proportional to ( 1 -fw/M)* where M is the mass of an ion 
moving through a gas the weight of whose molecule is m. It is 
recognised that the theory is only approximate, yet in spite 
of this the observed variation of mobility with mass fits very 
closely into the Langevin formula. It is therefore justifis^ble 
to utilise this formula in discussing the question of clustering. 
Suppose we consider ions moving in an atmosphere of their 
own gas. When there is no clustering the ionic mass is equal 
to m, the mass of the gas molecule. Suppose next that large 
clusters form, so large in fact that the mass of the cluster M 
is very great compared with the molecular mass m {hence 
jn/M can be neglected). The ratio of the mobilities in the two 
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cases ' is From this it is seen that 

a very large increase in mass, dne to cinster formation, has 
relatively only 'a "small proportionate effect upon: the 'mobility. 
Reference , to Tfeble I shows how large mass changes have only 
a small influence upon the' numerical valne of tKe mobility.. 

The effect of pressure and temperature 

According to the simple kinetic theory the velocity of an 
ion is given by The underlying assumption upon 

which this relationship is based is that the drift speed of the 
ion stream is small compared with the velocity of thermal 
agitation. As long as X/p is relatively small this is triie, but 
as this increases a breakdown point is reached when the ionic 
velocity approaches that of thermal agitation. When this 
stage is reached it is necessary to use an empirical expression 
of the form t?=fc(X/p)+A'(X/p)2 to give the drift velocity. 
The breakdown is usually critical, the smaller the ion mass 
the greater is the value of X/p at which the breakdown takes 
place. 

Considerable experimental data on the effect of temperature 
have been reported but the general conclusions arrived at 
from the investigations have not been of great value. Tyndall 
has measured mobilities over a wide range of temperature 
(80^-500° Abs.) and found, in accordance with theory that 
the mobility rises to a maximum and then falls. Empirically, 
the observed mobilities, ifc, can be fitted into an expression of 
the form (G+T) where B and C are constants and T 

the absolute temperature. This form of expression is similar 
to that derived by Sutherland for the effect of temperature 
upon the viscosity of a gas. 

The effect of polar impurities 

By employing the relation k<x the rate of growth 

of a cluster can be studied by measuring mobilities at different 
short , intervals immediately after the birth of an ion. With 
a polar' impurity present, say water vapour, it is found that; the 
clusters ' grow very rapidly, the ion passing quickly, into the, 
stage of complete saturation. It is to be observed that the 
.Langevin formula when applied to a cluster will only give an 
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“ effective ” mass, since there is an unknown, change in the 
radius of the complex ion when the cluster has been formed. 
Strictly, the ionic radius is involved in the correct relationship. 
If the cluster is quite small and the pressure not too high the 
error introduced will not be considerable. 

When the mass-mobility formula is applied to special cases 
the size of the cluster can be found. For example, Li+ ions ih 
pure argon have a mobility equal to 4-99 cm. 2/sec. volt., but the 
addition of 1 per cent, of water vapour as impurity reduces this 
to 2-26 cm.2/sec. volt. The increase in mass required to pro- 
duce a reduction to this value corresponds to the attachment of 
six water molecules on to the original lithium ion. In general 
it is found that the number of molecules in a cluster is quite 
smali, varying perhaps from four to thirteen. 

Special attention is to be drawn to the failures of the 
Langevin formula, the following being typical. The mobility 
of the pure nitrogen ion is 2-67 cm.^/sec. volt, in dry air, a value 
fitting into the mass-mobility curve. Nitrogen ion clustera 
which have six water molecules attached should have, according 
to the formula, the mobility 2-0 cm.*/sec. volt. This is the 
actual value found for clusters of short otge, when small traces 
of water vapour are present. However, at greater ages the 
mobility falls until it reaches the value 1-4 cm.2/see. volt. 
It win be recalled that according to the formula a cluster of 
even infinite mass leads to a lower limit which is 2'67/'v/i=l'89. 
The observed limiting mobility is much below this. The only 
explanation of the discrepancy that can be put forward is that 
the aged clusters are so large that the radius effect can no 
longer be neglected. 

Ionisation by collision 

From Figs. 1 . 1 and 1 . 2 it can be seen that increasing the field 
between a pair of parallel plates between which ions are being 
produced leads at first to saturation. With still greater fields 
saturation no longer occurs and the current increases rapidly 
until a state of instability sets in leading to a breakdown, voith 
passage of a spark, during which the resistance is low and 
the current high. The ionic proems leading eventually to the 
production of a spark is called ionisation by collision. When 
an ion collides with a molecule or atom the collision can be 
considered to lead to a transfer of energy to the particle which 
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iS' strack. When the field is sufficiently high^ an ion acquires 
Bufiicieiit energy between collisions to enable it to ' ionise gas 
moZemfe when impact takes place.' The ion ejects an electron 
frotti' the molecule it strikes creating thereby a pair of ions, one, 
positive and the other negative. These newly formed ions' are 
*also rapidly accelerated by the field and in turn produce ionisa- 
tion by collision, so that in a short time there is .a very rapid 
geometric increase in the amount of ionisation between the 
plates (Fig. 1.7). The effectiveness of ionisation by coilision 



Will obviously be' more marked at lower pressures since under 
thepe conditions the ions have time to acquire considerable 
energy before colliding with the molecule. 

The detailed phenomena' of ionisation by collision were first 
studied by 'Townsend with the apparatus outlined in Fig. 1 . S, 
For accurate measurement it is necessary to produce ionisation 
■in a plane and to do this use is made of the photoelectric effect. 
This will be more fally'discussed later and for the present vlt 
need merely be, mentioned that when ultra-violet light strikes 
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a metal Bnrface, electrons, are ejected from , the metal' This, 
then, , affords a convenient way for producing ionisation at- a 
plane. ■ In the apparatus shown in Fig. 1. S' ultra-violet light 
enters the experimental chamber through the quartz window A 

and passes through the electrode 
C on to a flat zinc plate B which 
constitutes a cathode. C consists, 
of a thin slab of , quartz covered 
with a. layer of silver, having 
transparent scratches upon it to 
allow the ultra-violet light to pass 
through. When the light strikes 
B, electrons are emitted, and as 
B is maintained at a negative 
potential, these are repelled and 
at once attach themselves to mole- 
cules, forming negative molecular 
ions. With the aid of guard rings 
a uniform field of several hundred 
volts per centimetre is maintained between B and C. The 
apparatus contains a special mechanical device which enables 
B to be moved to and from C in a vacuum and yet remain 
parallel with C. A low specified gas pressure is maintained 
in the whole apparatus, and the current passing between B 
and C is measured for different field strengths. 

Let- the plates B and C be d cms. apart and let ,X be the 

value of the electric fie,M 

'4 j ^ ® between them. The 

i I p ultra-violet light gene- 

; I rates a number of nega- 

rf » X p tive ions per second, Wp, 

I _ X surface B. Sup- 

I 9 pose that by the process 

T I,. C of collision each negative 

Fig. 1; 8a ion produces a newions 

per centimetre of path. 
Townsend assumes each positive ion creates new ions per 
centimetre of path by collision. Consider a layer at D, dx cms. 
thick, and distant x cms. from B (see Fig. 1 .8a). Let p be the 
total number of pairs of ions generated per second between B 
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and D and q the number generated between D and C. In the 
element dx, the number of negative ions passing per second 
is the number originally produced at the plate surface, ao> 
together with the number generated between BD, i.e. p. The 
number of positive ions passing through dx in,, the opposite 
•direction is only q. Hence the number of pairs of ions created 
per second in dx by collision is . 

dp~{nQ-iir-p)adx-{-q^dx ... . (1) 

If » is the total number of negative ions arriving every second 
at C we have, 

}^=Wo+p+g 

thus p . . ... . (2) 

substituting from (2) in (1) gives, on re-arranging, 

dpldx—{n(,-\-p){a—^)-{-n^ .... (3) 
Integrating (3) gives, 


log [(Wo+I') 4-»i3//i[a—j3)i=(a—jS)a:-f constant. 
This can be rewritten as 


nQ+p—A{exp(a—P)x}~nPj(a—P). 

The constant A can be obtained easily because p=0 when 
x=0, from which we get 

A=nQ+nfil{a—p). 

Also as n=nfi+p when x=d, we find by direct substitution 
that 


«o(a-j8) . 
a — j3 . 


. . (4) 


This formula fitted Townsend’s observations and showed a 
to be much greater than jS. Recent work has however shown 
that Townsend’s proposed /3 mechanism of positive ion collision 
is quite incorrect. There seems no doubt now that ^ is noi & 
measure of the power of the positive ions to ionise by collision. 
The ^ mechanism is highly complex. For instance it has been 
shown that each positive ion can create a number (y) of new 
electrons at the cathode, by impact. On this basis an expres- 
sion of the following form has been derived 
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in which y=^'/a. Since jS is in any event small eompa^ 
with a, this cannot be distinguished experimentally from 
Townsend’s equation. The actual y mechanism is more coln- 
plex than that indicated above, involving photo-electric 
processes also* 


The spark discharge 

It will be seen from the last formula that the number of ions 
passing between a pair of charged plates (and therefore the 
current too) would be infinite when a=j8' . e“*, for then the 
denominator vanishes. Physically, this means that a spark 
passes. This takes place at a particular value of d, the 
distance between the plates, given by 

d=(loga/^')/a ...... (5) 

Although this gives an approximately correct value for the 
sparking distance, the actual spark mechanism is much more 
complex than these simple formula suggest. 

The obvious difference between a spark discharge and the 
earlier considered silent passage of current between two plates, 
is that the spark is expi<»ive and luminous. The potential 
required to produce a spark depends upon the distance 
between the plates, the nature of the gas enclosed, and the 
pressure of the gas. Since the mechanism of ionisation by 
collision requires a definite finite time for the multiplication 
of a sufficient number of ions to carry the current of the spark, 
there is always a time lag between the application of a sparking 
potential and the actual breakdown. Further, it requires a 
greater voltage for the first spark to pass than for rapidly 
succeeding ones, since the first spark in its passage creates an 
abundance of ions in the vicinity of the electrodes. When the 
applied voltage only slightly exceeds the necessary sparking 
potential the observed time lag may be several minutes. If the 
spark gap is irra^ted with ultra-violet light, photoelectric 
ions are generated and the lag is considerably diminished. 

In making experiments upon the properties of sparks, a 
number of precautions require to be taken. Lag effects must 
be eliminated, and owiag to the concentration of an electric 
field near a point, smooth plane parallel electrodes must be 



THE CONDUCTION OF ELECTEICITy THKOUGH GASES 19 

used. In the experiments carried out by Carr, plane parallel 
sheets of metal were embedded in an insulating material. 
The gas pressure between the plates could be varied, the 
potential needed for the passage of a- spark being measured at 
different pressures; The curve found with a given plate 
•separatipn is shown in Fig. 1 . 9. There is an optimum pressure, 



Fig. 1.9 

depending upon the separation, at which a certain fixed 
minimum potential suffices to pass a spark. The shorter the 
distance between the plates the greater is the value of the 
critical pressure at which the minimum voltage appears. This 
minimum potential is characteristic of the gas used. 


Pasehen’s law of sparking potentials 
Paschen discovered that the sparking potential under any 
condition of pressure or plate separation depends only upon 
the product of the gas pressure and the distance between the 
electrodes. This is true for sparks passing at all pressures, 
and has been found to hold up to at least 60 atmospheres. 
The law can be derived in a general manner from collision 
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considerations. The value of the collision coefficient a is a 
measure of the tendency for an ion to produce ionisation' by 
collision and clearly depends upon the velocity an ion acqui?es. 
To a first approximation the velocity of an ion at the end of 
the mean free path is Xet/m, and as t is proportional to Ijp 
where p is the pressure then a must be a function of Xelpm.- 
But a also depends upon the number of collisions which take 
place per centimetre and this is proportional to p, hence we 
may write . 

. F(X/p)=p . P(V/prf). 

F is some function and V is the potential difference between 
the plates. It can be .shown, too, that independent of the 
mechanism ==p .¥'(V jpd). 

On substituting'in (5), the formula for the sparking distance 
for a given potential, we get 

logF(V/prf)-logF'{V/i3(0 
pa- Wivipd) “ • • ; 

From (6) it will be seen that the potential V required to 
produce a spark is a function only of pd. This is Paschen’s 
law ; it will be noted, also, that the mass of the gas between 
the electrodes is proportional to pd. 

Brash and corona diseharges 

If either of a pair of electrodes maintained at a high poten- 
tial difference is pointed, or has a radius of curvature at the 
end much less than the distance between the electrodes, a 
glow appears on the pointed electrode which changes into a 
brush-like form of discharge when the voltage used is a little 
below the sparking potential. This brush discharge can be 
seen even with currents as low as 2 x lO-** amp. As the 
potential between the electrodes is slowly increased the brushes 
lengthen out into fine tentacles branching from each electrode. 
When the brushes from the two electrodes meet there is a 
sudden rush of current and a spark passes. If the potential 
is still maintained high, a steady burning arc keeps running 
between the electrodes. The direct cause of the brush is the 
concentration of electrical field in the vicinity of a point 
electrode. When this concentration reaches a given intensity, 
short sparks pass from the electrode and terminate in the air. 
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It is of interest to note that the ion current from a point at a 
high potential sets the air into violent motion, producing an 
“ electric wind ” which can easily be detected. 

If one of the electrodes is a fine wire the brush takes on a 
form known as the “ corona dischar^.” When a certain 
■voltage is’ reached, either a continuous sheath or luminous 
beads surround the fine wire. This constitutes the corona, 
and when the voltage is increased beyond this point the corona 
breaks up into the ordinary brush form of discharge. Techni- 
cally, the formation of the corona is of importance in connection 
with the losses from high voltage power transmission lines. 

JCondensation properties of ions 

A striking property exhibited .by all kinds of ions is that, 
like dust particles, they possess the power of precipitating 
condensation clouds from air supersaturated with vapours. 
When air which is saturated with water vapour is suddenly 
cooled by an adiabatic expansion, it becomes supersaturated, 
and if there are dust particles present, a condensation cloud 
forms. If the dust is removed by filtration no cloud is pre- 
cipitated, from which it must be concluded that the dust 
particles act as nuclei. In dusty air, condensation droplets 
form on each particle of dust. The adiabatic expansion must 
be carried out rapidly if reproducible results are to be obtained, 
for a slow expansion allows the gas to warm up quickly and 
supersaturation disappears. 

Wilson showed that moist dust-free air will also give a 
condensation cloud when expanded adiabatically to 1-38 times 
its original volume. Vapour pressure tables show that this is 
equivalent to creating an eightfold supersaturation of water 
vapour. When, however, ions are present in the 'dust-free 
air, a cloud appears at an expansion ratio of 1*25, which 
represents fourfold supersaturation only. It is clear that the 
individual ions must be acting as condensation nuclei, assisting 
the precipitation of the cloud. Wilson was further able to 
prove that the minimum expansion needed for cloud precipi- 
tation differs for positive and negative ions. For the negative 
ions an expansion ratio of 1*25 (fourfold supersaturation) 
suffices, but the positive ions require a 1*31 ratio (sixfold 
supersaturation). Unless the two kinds of ions have been 
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„ previously, separated out .by an eleetricai. ield,. it ,is clear that 
the .higher, 1%11 ratio will bring down a dond containing both 
positive and negative .ions. The cloud. '.formed, on ions _ as 
nuclei will carry, with it' .the charge of all the ions trapped in it. 

''Theory of eoBiensaion . " ; 

.It is easy to. show that, to a first approximation, the vaponr 
pressure, of a spherical drop of liquid exceeds that of a plane • 
s.nrfaee by, an anioinit P=2Tor/rp where . p and cr ■ .are' the 
densities, of. the liquid and: its vapour respectively, r the radius 
of the drop, and T .,the surface .te.nsio,n of the ^ liquid... 'If .r .is 
very small then P will be very large, which means, that, if a. 
very .sm.ai.l condensation droplet forin.s, for some, rea8o,n, the, 
vapour pressui'e of the liquid in this drop will be ,„.so, high' that ,. 
immsdimte re-evdporation will take, place md the :drop wi.ll :. dis- 
appear rapidly. Thus., even if there is a considerable amount ' 
of,.Bupersatura,tion/ -drops .will, only form if , they find some.' 
nmlens .to .build' upon .which will enable, them., to start, with a- 
value of f sufficiently large to -keep, down.: the vapour pressure 
to a reasonable value. This explains why clouds .form, easily 
in unfiltered air and. why an eightfold ,siipersaturation can be 
reached w^hen the air is 'dust free. The drizzle which sets in 
above this point takes place because the air molecules, them- 
selves behave as the necessary nuclei. 

Consider now what happens if a condensed water droplet is 
given an electrical charge e. The - electrical potential energy 
of such a charged droplet is 6^/2r and,- 'as, this decreases when 
r grows bigger, the net 'effect of the , charge is to make the 
drop expand in order to brings the. electrical potential energy 
down to a minimum. „ On "the other hand, the potential energy 
due to the surface tension' of the liquid of the drop is 4fff 
which decreases when r diminishes. The surface tension thus 
tends to cause contraction, of the droplet, ’it is clear, there- 
fore, that the electrical charge- acts in an opposite sense to the 
surface tension and thus .brings about an effect which is 
equivalent to a reduction' in surface tension of the liquid con- 
stituting the droplet. , Since' the excess vapour pressure is'- 
proportional to the surface tension, a charged drop will not 
evaporate so rap-idly ' as an uncharged drop with the same 
radius, therefore an vionwill enable' cloud condensation to set 
in on itself before a normal uncharged molecule will do so. 
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The preferential action of the negative ions has its: origin in 
the fact that water- drops are known to possess a surface 
double layer of electrification with the negative coating inside. 
This makes negative ions more efficient than positive ions as 
condensation nuclei. ■ ^ 

"^Tlie Wilson cloud expansion chamber 

* The' cloud expansion chamber devised by C. T. R. Wilson 
is #n instrument of great simplicity and of great importance. 
It is shown in outline in Fig. 1.10. The cylindrical glass 



Fig. 1.10 


chamber A stands upon a rubber disc in a trough which 
contains water. A movable piston produces the expansion in 
A. The blocks of wood D are introduced in order to reduce 
the air volume within the hollow piston. A large evacuated 
flask 'C is connected , to the piston through a tube by way of 
the valve B. When B is opened- the air under ' the piston is 
connected to the vacuum chamber C and as a result the piston 
drops suddenly, .producing thereby an adiabatic expansion in 
the cylinder A. The , expansion ratio- can be adjusted by - 
altering the height of the piston. In practice,' several: expan- 
sions are repeat ed uiitii. all the dust 'particles are'- preeipitated’. 
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out of tlie air. If ions are then formed in A, an' expansion 
wiir cause condensation upon the ■ individual ions {see Plates 
IV and V).. 

Many ingenious devices have been used for .improving.. the 
cloud cliamher. The drops around the ions are now usually, 
observed by photographic methods. Two caine.ras can be 
employed, set at an angle to each other, and from the com,-" 
biiiation of the two 'simultaneously taken pictures the position ' 
in space of the cloud can be determined. This is of. great 
importance when the ion tracks produced by individual 
rapidly moving ionising particles are to be studied. Shimizu 
has designed a simple, form of exp.ansi.on chamber in which 
the expansion pisto.n. is operated by the rocking arm of a 
motor. The expansions are not so rapid as in the apparatus 
previously described, but by this means as many , as three 
expansions per second can be made. A cinematograph' camera, 
is used in conjunction with this chamber resulting thus in a 
very great saving in time. A notable advance in the technique 
of the expansion chamber is due to Blackett, who has con- 
structed an automatic chamber which is set into action by 
the passage of a single ionising particle. Thus the particle 
•whose track is required acts as a trigger and makes the expan- 
sion take place. The result is that almost every expansion 
photograph contains tracks, whereas previously, in many 
experiments, there was only a small chance of obtaining the 
sought for tracks when a given expansion was made. Fuller 
details of this chamber will be given later. 

In Plate IVa a photograph is^ shown, exhibiting the ion 
cloud tracks obtained when a beam of X-rays is passed through 
the cloud chamber. It can be clearly seen that along the 
path of the X-ray beam electrons are ejected from atoms . 
Each high speed ejected electron produces ionisatioii along its 
path, which turns and twists because of frequent' atomic 
collisions. The path of each electron is made visible by the 
condensation of droplets upon the ions formed , by,, 'collision' 
with atoms. Plate , I Vc’ illustrates the tracks .formed ■whe.n 
individual very fast 'ionising particles 'are passed through the 
expansion chamber.. . The separate drop'lets 'Which .formYoiind 
each ion can often be counted. ,' It' is imp,ortant to .'.notice that 
in using photographic methods - the . exposure must be made a 
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small fraction of a second after the expansionj otherwise the 
drofis fall and the tracks 'become distorted and. ultimately are 
destroyed;. , , 
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CHAPTER 2 


THE ELECTRIC DISCHARGE THR0D6H GASES AT 
LOW PRESSURES 

Appearance at redaoed pressure 
When an electric discharge ie passed between two electrodes 
in a tube which contains a gas at a low pressure, the appear- 
ance differs very much from that of the spark in air at atmo- 
spheric pressure.. On applying the electric field and then 
steadily reducing the pressure, the original crackling spark 
broadens out into a qijiet streainer jdischarge, At a pressure 
of about 1 mm. of mercury most of the tube is^^fiSl irith a 


Faraday Ctmhm 

Stmi'ms dark space dark space 



glow that extends from the anode. This glow, called the 
positive glow, does not fill the whole of the tube but ends near 
the cathcde, a dark space intervening. This ^rk space, the 
Earaday dark apace, extends close up to the "cathode whicE 
it® is covered by a thin pdwng layer, t£e*liegati^ 
Onjurther reducing the pressure,, the negative glow is seen to 
detach itself from the c^hode and a second dark space, the_ 
Crqokes dark space, a ppea rs between, the, negative glow and 
th£^thb3e. finder these conditions the discharge has the 
appearance" shown in Fig. 2. 1. 

W hen the pr essure falls to about Ori mm. of mercury the 
glowing positivB_gbItmm spUts up i nto alternate dark and 
IjgW bands called striations.jwMch becorne longer and fewer 
m th^pres iufels still further reduced. „ 

— ^ - 
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When th e gas pressnre is reduced still further th e Crookes 
d afk s^ce spreads out until it fills tto wholeJiube and the 
srlow in the gas itself disappears. At this point the electrical 
resistence of the tT ^ in creases con si derably and it is difficu lt 
to pass any curren t at all if the pressure is still further redu^. 
Although tESre is no glow inHSie^i" wKEm th^Tube, the 
cathode is giving off a stream of charged particles, the cathode 
rays, which on striking the glass walls of the tube excite it 
into 'fluorescence. Sir J. J. Thomson first proved that this 
cathode emission consists of a high-speed stream of elec- 
trified particles — electrons-^movmg in straight lines from the 
cathode. This beam throws sharply defined shadows of solids 
interposed in its path, can exert a small mechanical pressure, 
heat bodies to incandescence, and excite fluorescence. The 
particles constituting the beam can be easily deflected by 
small magnetic fields and by electric fields, and carry a negative 
charge. When the beam is allowed to strike solid bodies the 
latter emit X-rays so that a discharge tube at a pressure 
sufficiently low to give a defined cathode ray beam always 
emits X-rays. 

Potential variations in the discharge tube ' 

The complex phenomena taking place in a low pressure 
discharge tube can be investigated by examining the electrical 
potential distribution across the tube. Many experimental 
methods have been devised for this purpose, that due to J. J. 
Thomson being illustrated in Fig. 2.2. The discharge to be 
studied passes between the electrodes A and B which constitute 
anode and cathode respectively. These are fixed^on to an 
insulating base mounted so that the complete electrode system 
can be moved from one end of the tube to the other without 
altering the pressure. EF is a small subsidiary discharge 
tube which sends a fine pencil of cathode rays down between 
A and B on to the fluorescent screen S. This pencil of rays 
is subjected to the electrical field between A and B and is 
thus deflected in its passage through the discharge, the amount 
of the deflection depending on the strength of the field through 
which it passes. By moving successive portions of AB under 
the cathode ray pencil the whole field distribution in the 
discharge can be studio. 
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As is to be expected from the variation in tiic appearance 
of the discharge with pressure, the field distribution 'is 
very markedly affected by pressure changes. Two cases are 



S 

Fig. 2.2 


Faraday 
dark smce 



Tube axis 
Fig, 2.3a 


illustrated. In Fig, '2.3a the pressure is not suffieieutlj low' 
to produce striations. The curve beloV the ..discharge tuhe, 
shows the field distribution. There is a very ■, steep, fall ..'of, 
potential across the dark space close to the cathode, , Most of 
the fall of potential across the tube as a who,Ie takes p,laoe in 
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the dark space. In the discharge shown in Fig. 2.36 striatioiis 
afe in evidence and the main potential fall is across the cathode 
or -Crookes dark ' space. - 'The mmor alternations which are 
observable correspond with ' the striations, each' striation' dark 
space showing a fall in the .field. ■ ' # ' 

Up to a certain critical limit of current, depending upon the 
size of the cathode, the cathode fall of potential is independent 
of the current and pressure in the discharge tube. In this 
condition the potential drop is called a normal cathode fall, its 
value being fixed largely i)y the nature of the gas used although 
it is somewhat affected by the electrode material. The normal 

I Faraday ^ 

‘ dark space 

^ ^ ~IT> - 



Fig. 2.36 

cathode drop exists only as long as the cathode remains 
'partially covered with glow. When the current in a tube is^ 
increased, the area of glow on the cathode spreads so as to 
maintain a constant current density at the cathode. If the 
current is increased after the cathode is completely covered 
with the glow, a change in the potential fall takes place, the 
value increasing with the current. The potential fall is then 
described as anomalous. Normal cathode falls are of the 
order of several hundred volts. ■ 

The meeliaiiisiE . of the diseharge 
■ In order to understand the general mechanism of the low 
■'pressure discharge we shall consider the complex condition 
described' in Fig. 2 . 36. The whole appea,rance can be attributed 
to the occurrence' of ionisation by collision within the tube. , It is 
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clear that if ionisation of the gas molecules is produced by any 
means whatsoever, both positive and negative ions will be 
created in the process. At the instant of creation the negative 
ions will be electrons and the positive ions the residual 
jwsitively charged molecules. Owing to the relatively high 
mobility of electrons, the latter will be repelled very rapidly 
from the neighbourhood of the cathode. There will thus be 
an accumulation of positive ions near the cathode, a fact which 
explains why the gradient of field here is intense and. the 
cathode potential fall large. The accelerated positive ions 
strike the cathode and cause it to liberate a copious stream of 
electrons. Some of the moving ions strike gas molecules and 
ionise fay collision, creating both types of ions. Owing to the 
large gradient produced by the accumulation of positive ions 
near the cathode, the electrons created in this neighbourhood 
are rapidly accelerated. Moving electrons give off no light at 
all, since there is only light emission from atoms or molecules 
which have been excited. As soon as the rapidly moving 
electrons strike molecules they ionise by collision and also 
cause excitation glow. It is clear, therefore, that the length 
of the Ckookes dark space corresiJonds to the mean free path 
of the electrons, that is to say, they must on the average travel 
this distance before striking a molecule. The beginning of the 
negative glow should thus represent the start of ionisation by 
collision by the electrons. This is only approximately correct, 
for it seems probable that the dark space does in fact corre- 
sf)ond to mon than one mean ft’ee path. 

However, the accumulation of the positive ions near the 
cathode, which originally assisted the electrons away from this 
region, now tends to reduce the speeds of the electrons which 
have passed through the dark space. These are soon slowed 
down until they are unable to ionise by collision. This is the 
beginning of the Faraday dark space. Quickly leaving the 
influence of the positive ions behind them, the electrons in the 
Faraday dark space now begin to accelerate towards the anode 
and again start to ionise by collision with the corresponding 
appearance of glow in the gas. This constitutes the beginning 
of the positive column, both positive and negative ions being 
of course produced there by the collision process. The 
electrons created at the beginning of the positive column have 
high mobility and move rapidly to the anode leaving behind 


ELBCJTBIC DISCHAEGE OSHBOUOH GASES AT LOW PBESSTTBES 3l 

electrons until they are unable to ionise and thus once more a 
dark space is created. In this manner a striation is produced 
in the positive column. Hence the luminous portions of the 
striations correspond to the negative glow and the dark 
regions to the Faraday dark space. It is 61ear that the 
striation formation process can repeat itself until the anode is 
reached. The striations must lengthen out with reduction in 
pressure since the mean free path then increases. 

The above description is not meant to be complete since it 
does not account for all the detailed phenomena that can be 
observed in discharge tubes. Many different types of striations 
have been ‘observed, some sharp edged, some multiple, some 
moving, some stationary, etc. The shape of thp discharge 
tube and of the electrodes has a definite effect upon striation 
formation. The striations are very easily excited if the gas in 
the tube contains carbon compounds such as CO, COj, or 
organic compotmds like CgHe, etc. 

Cathode rays 

Whe n the pressure is so low that the d ark space ex te nds 
ancffiUs the^ whole tu beZ^atcEes of greenish fluorescence 
appear on the glass opposite the cathode. These patches are 
caused by a radiation emitted from the cathode surface. If a 
solid body is interposed in the path of the rays, between the 
cathode and the tube walls, a sharp shadow is cast in the 
fluorescent light patch. From the size and sharpness of the 
shadow it is evident that the radiation travels in straight lines 
and is emitted normally from the cathode surface. The beam 
of radiation is called a cathode ray beam, and it can be proved 
that it consists, of a stream of rapidly moving electrified 
particles— electrons . 

A very large number of bodies phosphoresce when cathode 
rays are allowed to fall upon them and by making use of this 
' .fe can easily be detected. In particular, crystals 

, of : potassium platino'-cyanide. or willemite phosphoresce very^ 
brightly, and if a cathode ray pencil is projected on to, a .screen 
covered with a fine powder of this materiah^a bright-spot of light . 
is formed. The movements of this spot can be observed if the 
cathode ray beam is subjected to electric or magnetic forces and 
by this means the properties: of the rays can, :be studied. ' Since 
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the rays are emitted normally to the cathode surface, they will 
be brottght to a, focus if the cathode is shaped like a concave 
mirror. The rays are able to heat bodies by impact and if 
brought to a focus can even melt platiniiiiL A secondary 
effect associated with the heating is that cathode rays can 
produce mechanical rotation of a suspended vane held in their 
path. .This is due to a radiometer action, one side of. each 
v.ane being heated more than the other and thus causing 
bigger reaction from the more active rebounds of gas mole- 
cules coining into contact with the hotter face. , Apart from 
this, there are indications that the cathode rays do exert a 
small true mechanical pressure which can be detected if the 
gas pressure is very low, the radiometer e,ffect then being 
cMminatecl. ^ 

When a bar magnet is brought up to a discharge tube in 
which a cathode ray beam is falling upon a fluorescent screen, 
the spot of light moves in one direction or the other according 
to which magnetic pole is presented to the rays. It is found 
that quite small magnetic fields suffice to . deflect a beam of the 
catliode rays. If the rays are passed between a pair of metallic 
plates maintained at a potential difference the luminous spot 
is also deflected. The deflection by means of"' magnetic or 
electric fields is in accordance with what would be expe'cted 
of a stream of charged particles. 

An important experiment carried out by Perrin in 1895 
shows that the rays carry with them a negative charge. The 
form of the apparatus used is illustrated .in Fig. 2.4. The 
cathode rays are produced in the side tube A, a fine beam 
being selected by means of the apertoe B. The cathode ray 
I>encil causes a fluorescent green spot on the wall of the large 
bulb C. On bringing up a magnet the patch of light C can 
be slowly deflected towards the- opening of a metal cylinder D 
which is surrounded by an earthed shield. D is connected to 
an electrometer, and. as soon as the' cathode rays are seen to 
fail upon the opening,., a large negative "charge is registered, 
proving that the cathode rays carry a negative charge. 

Hertz first noticed that cathode rays can penetrate thin 
metal foils, Lenard studied this property more thoroughly. 
A valuable property of cathode rays is that they have the 
power of blackening a photographic plate, like light, thus 
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deflections of cathode ray beams can be studied photographic- 
ally and a high degree of accuracy can be achieved. 

Cathode sputtering 

W hen a discharge tube l^s been r un for a considerable t ime 
t he glass near^the cathode b ec omes co v ered wit h a dep o sit of 
metal often in the form of a mfaor. The catho de^ meta lls 
sS5"tQlb5ve"^^^ sputtering is technicaUy 

an important method for the production of thin metal films 
and' high quality mirrors. The discharge tube can be designed 
so that the sputtering from, say, a silver cathode is quite 
uniform and by this means optically perfect uniform thin' 
films can be made. The mechanism of sputtering is highly 
complex and is not yet fully understood. It is, however, quite 
certain that the phenomenon arises from the disintegration of 
the metal surface of the cathode due to the bombardment by 
the' positive ions attracted to it. It is considered that thO ' 
sputtered particles consist largely of uncharged metal' atoms ' 
travelling .: with velocities corresponding to the thermal velo- ■ 
cities of rthe atoms ' of the vapour of the metal at its; boiling 
point..,. 

The efficiency of the ' sputtering action' depends upoH' 'the , 
molecular weight , of the gas used 'in the discharge' tube. The 
heavier the nositive i ons the 

■'2-v 
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riipt.i yft fl,fitmTi nn no llision w ith the cathode surface, A 
regular increase is observed in the amount of metal sputtemi 
in a given time when the molecular weight of the gas in the 
tube is increased. Argon, for instance, is sixteen times more 
effective than hydrogen. Some metals, amongst which are, 
for example,' silver, gold, cadmium, etc., sputter with great 
ease, but others, like aluminium, magnesium, etc., hardly 
sputter at all. The failure to sputter is considered to be due 
to the existence of a protective oxide coating upon the non- 
sputtering metals. 

Sputtering in discharge tubes can become a source of trouble 
since the walls coat with metal and become opaque to light. 
As the thin metal layer is electrically conducting sparks some- 
times jump to the glass walls and either short circuit the 
discharge or even cause a puncture in the glass wall. 

Types of low pressure discharge 

“ Vacuum ” discharge tubes of diverse forms are of great 
importance in many branches of science and industry. To 
name but a few applications, for instance, there are (1) X-ray 
tubes, (2) spectroscopic discharge tubes, (3) “ vacuum ” recti- 
fiers, (4) oscillographs, (5) neon advertisement lighting, etc. 
The need for so many different tubes has resulted in the growth 
of a special branch of electrotechnios which concerns itself with 
■‘vacuum ” tube discharges. We shall consider here a few of the 
specialised types of discharge which have been developed for 
the purely scientific purpose of studying spectra, since the 
investigation of the latter has led to important knowledge 
concerning the structures of atoms and molecules. 

The Geissler tube 

The Geissler tube, which hats been used for many years as a 
spectroscopic source, can take on many forms. A simple kind 
is that shown in Fig. 2,5a. The tube is in the form of a letter 
H, having a capillary portion AB about 4 cms. long, with a 
bore of the order of 1 mm. The electrodes CD are often of 
platinum. The tube is filled with the gas whose spectrum is 
required, the pressure being 1 or 2 mm. of mercury. An 
alternating potential exceeding 2,000 volts is applied either 
from a spark coil or a transformer and the passage of the 
discharge results in a concentration of the positive column in 
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the narrow tube AB, the cnnrent density being high here. 
When the capillary tube is -viewed 
“ end on ” a very bright emisrfon 
can be observed. Such tubes have 
proved of great value in connection 
•«dth the study of the line spectra 
given out by atoms and the band 
spectra given by molecules. Owing 
to the fact that fairly large electrical 
potentials are required, the lines 
of the spectrum are all somewhat 
broadened, since strong electrical 
fields affect the motions of electrons 
m atoms and molecules. This m- 
troduces difficulties in certain investigations requiring lines 
which are extremely narrow. When extremely sharp and 
narrow lines are required, the source used is a “ hollow 
cathode ” discharge. 

'Hie hollow cathode discharge 

The hollow cathode discharge, discovered by Paschen, has 
led to very important information concerning the nuclei of 
atoms. It is a means for producing spectral lines with great 
intensity and of extreme sharpness. The simplest form of the 
tube is shown in Pig. 2.56. The anode A can consist of a 
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piece of platinum or nickel wire, the cathode C is in the form 
of a hollow metal cylinder. The tube is operated with direct 
current, a potential exceeding 500 volts (preferably about 
1,600 volts) being required. The gas pressure in the tube is 
critical, being of the order of 1 mm. of mercury or so, the 
actual value depending upon the dimensions of the cathode. 
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When the pressure is correct, the application of a direct 
voltage supply between A and C produces a peculiar discharge. 
The inside of the hollow cathode fills with a brilliant glow, 
particularly if a large current is passed. The spectrum of the 
hollow cathode glow consists of both the spectrum of the gas 
which carries the discharge and of the metal of the cathode. 
By introducing materials within the hollow cathode, their 
spectra can be excited and studied. 

The mechanism of excitation is very complex and appears 
to be largely due to a sputtering action. The positive ions in 
the gas discharge bombard the cathode, or the material on it, 
and this excites the spectra. Since the light is virtually 
excited within a Faraday cylinder, that is within a place where 
the electrical fiel4 must be very small, the emitted lines are 
very sharp. This description is however but crudely correct. 
This remains true as long as there is a normal cathode drop) 
which exists as long as the current is such that the whole of the 
cathode is not completely covered with glow. The cathode 
can be cooled, and under these conditions of low temperature 
and absence of strong field, the emitted lines are very narrow. 
The study of the inherent close hyperfine structure of these 
narrow lines has led to important discoveries about atomic 
nuclei. 

The electrodeless discharge 

There are two distinct types of " electrodeless ” discharge, 
these being called the “ ring ” discharge and the “ high 
frequency ” discharge, respectively, although both are actually 
high frequency discharges. In exciting the ring discharge, 
w'hich was discovered by J, J. Thomson, a partially evacuated 
tube which possesses no electrodes at all is placed inside a 
solenoid through which is passed a high frequency alternating 
current, produced by the oscillatory surge created when a 
Leyden jar is discharged through the coil. The lines of electric 
force form dosed curves, so in this case the discharge takes the 
form of a bright ring of hght, coaxial with the solenoid. It is 
very energetic, especially if a quenched spark is in aeries with 
the coil and Leyden jar. Owing to the violence of the dis- 
charge, many electrons can be torn from atoms, producing 
thus a state of multiple ionisation, Multiply ionised atoms 
can readily be studied by this means. 
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The action of the ‘‘high frequency discharge is very 
different from that of the ring discharge. ' It is excited by 
means of the electromagnetic waves given out by & valve 
oscillator, radio frequencies being required. . Wavelengths 
between 1 and 10,000 metres are equally capable of exciting 
the discharge (frequencies 3x108 to 3x10^ per second).- A 
' vacuum ” tube without electrodes is held close to the oscillating 
circuit, or strips of foil wrapped round the outside of the tuba 
are* connected to the inductance coil of the oscillator. The 
tube glows brilliantly, and although the discharge is very 
intense, the excitation is quite mild, being effectively a low 
voltage excitation. The particularly interesting property 
exhibited by this form of discharge is that it will pass easily 
through a tube in which the pressure is so lo^ that an ordinary 
electric discharge cannot pass at all. Thus it is possible to 
study the behaviour of atoms at very low pressures where 
collisions are infrequent. 

The production of high vacua 

Most of the advances in modern physics have been due 
indirectly to the ease with which high vacua can be produced. 
Mechanical rotary pumps of the inexpensive type can rapidly 
produce a vacuum with a pressure of 0*001 mm. of mercury. 
This suffices for many experimental studies. Rotary molecular 
pumps can attain much lower pressures and are of very great 
value, but for general purposes a rotary oil pump is used in 
conjunction with a pump. 

The mode' of operation of a common type of rotary pump 
is illustrated in Pig. 2.6. The construction is entirely of 
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metal Ah eccentrically inomited rotor E sweeps, air from tlie 
side to be eYacnated H, to the atmo,spheric .side A. , At the 
beginnijig of each stage of pumping air from H enters the 
shaded eham'ber and as the rotor moves roii.nd this trapped air 
is' swept 'rouiicF^ to the opening A. Further compietion of the 
rotation, stroke compresses the air and drives it out into the 
atmosphere. S is an oi,led spring valve dividing the high and 
low pressure sides. Frequently pumps have two rotors, out 



Fig. 2.7 

of phase, mounted on the same spindle and connected in series, 
one pumping behind the other in the form of a double stage 
pump. The whole rotary system'. is immersed in low vapour 
pressure oil With a speed ’ of rotation of about 250 revolu- 
tions per minute a vacuum, of l(h,^ mm. of mercury can be 
attained. 

In order to reach pressures'of 10-^ ipm, and lower, and such 
vacua are fmqiimtlymqmmd^iffmimipumps are generally used 
in modern practice, AsirapletypeisshowninFig. 2.7. Mercury 
or low vapour pressure oil contained in A is heated and the 
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vai)0W,'afteT, passing up the Jagged tube B,.' sheots-out of a jet € 
and then. ' condenses upon the walls of the water-cooled chamber 
D. ' The condensed mercury, or oil, runs back to A via the trap E. 
The apparatus to be evacuated is attached to the side' limb H. 
A rotary oil pump is connected to F, since the diffusion pump 
will not operate without an auxiliary fore-vacuum pump. 

The action of the pump is- complex. The preliminary 
reduction in pressure produced by the rotary 'pump permits 
the vapour jet issuing from C to attain a very high velocity. 
Gas diffusing from the apparatus being exhausted is trapped 
by the vapour jet, carried down to the rotary pump, and 
removed. The velocity of the vapour jet is much greater than 
the rate of diffusion of gas molecules, hence there is virtually 
no chance of any back diffusion into the vacuum chamber. 
The speed of the pump, and the fore-vacuum required, depend 
upon the shape and size of the jet C. When high speeds and 
low pressures are required multiple stage pumps are employed, 
consisting of multiple tiers of jets in series, each acting as a fore- 
vacuum pump for the jet following. 

The ultimate vacuum depends upon the vapour pressure of 
mercury or of the oil employed. With greased vacuum taps 
in the system, the tap grease sets a limit to the pressure that 
can be reached. There is always a constant slow “evapora- 
tion ” of occluded gases from the walls of any vacuum system 
and this decides the final limit that can be attained, if greases 
are avoided, and even if the pressure of the oil or mercury 
vapour is kept extremely low by means of liquid air traps. 

A convenient rapid alternative method for producing a high 
vacuum in a chamber of small dimensions is by the employ- 
ment 0/ charcoal cooled by liquid air. This process cannot be 
applied generally, but 'where -it can be used it is extremely 
efficient. The pumping ' action is based upon the fact that' 
specially prepared charcoal, when cooled to liquid air tempera- 
ture, has an enormous capacity for absorbing most' gases. 
The absorbing power depends upon the manner in which the,, 
charcoal is prepared, that made from the shells of coconuts 
being by far the best. The charcoal is activated' by leaving 
it open to the air whilst it is cooled by liquid air. ' It absorbs 
many hundreds ■ of times ■ its . own ^ volume of air and the pores 
in the charcoal are loosened. The absorbed gases are then 
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pumped off, the charcoal being heated to at, least ,350* C. 
during the, pumping.. On cooling down it is in a state .suitaMe 
for use 'as a pump. A tube contaming the activated charcoal 
is attached to the vacuum, system, w^hich is then evacuated to 
a, . preliminar/ stage with a rotary oil pump. The latter , is 
disconnected and on immersing the charcoal tube in liquid air, 
pumping at once begins. The charcoal absorbs most of t,he 
residual gases and a high vacuum results. 

' Charcoal is not able to absorb all gases eqmlly welL Helium 
is hardly absorbed at all and neon very slightly. This differ- 
ential action is of value, for by its means it is easy to. isolate 
and purify samples of rare gases. 

Extremely good vacua are frequently required in industry. 
The thermionic rvalves used in radio, for example, require to 
be highly evacuated if a good response is to be expected. To 
obtain these vacua the '' getter ” action of various metals is 
employed. The apparatus is first evacuated with a diffusion 
pump. A small quantity of calcium metal is introduced into 
the apparatus and after the glass parts are sealed off from the 
pumping system this inetai is rapidly evaporated flashed 
is the technical term), forming a mirror deposit on the walls. 
A very large effective surface is thereby exposed. By chemical 
■surface .adsorption the last traces 'of gas are removed. ' Tlie 
original gas being air, the residual gases are almost entirely 
iutrogen, oxygen, water* vapour, carbon dioxide, and liydrogen. 
These form calcium nitride, calcium oxide, calcium carbonate, 
and ealeiurn hydride. (The name getter '' has arisen in 
industry since the racial gets the residual gases.) 

It must be realised that -the term ‘‘vacuum is only a 
relative expression, Although a pressure of 10-® mm. Hg is 
only 1-3 xlO""^ of an atmosphere there still remain 3*5x10^^^ 
gas molecules per cubic centimetre in such a vacuum. The 
physical significance of this low-pressure is more readily appre- 
ciated if it is recogniseci 'that under such conditions the mean 
free path of the gas .molecules , may be several metres. This 
means that in small vessels beams of atoms, electrons, or ions 
can be considered to travel .as if in free space, 
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CHAPTER 3 

■ THE CHAMGE, AID MASS OF THE ELECTROl 
/ latroduetory 

The studies of J. J. Thomson on the electrical discharges in 
gases first proved that the cathode rays consist of streams of 
electrified particles each some two thousand times lighter than 
the atom of hydrogen. The particles, eleqf^rons, are funda- 
mental constituents of every type of atom. It will be assumed 
for the moment that the mechanical and magnetic properties 
of the cathode ray beams constitute sufficient proof that they 
consist of streams of charged particles. In the experiments 
now to be described it is shown that a U the cathode ray 
particles are s imila r in nature, having t he same cM ^e^nd 
mms but possiBlyTiavmg differe nt velocities. 

As~Sectrons ar^ sub^^it components^ommon to all atoms 
the exact determination of the electronic charge and mass is 
of great importance. These quantities are fundamental atomic 
constants and theory shows that they appear in very many 
formute for physical relationships. The first approximately 
accurate measurements were made in 1897 by Thomson, and 
since then successive refinements have led to greatly improved 
values for both the charge and the mass. Many entirely 
different high precision experimental methods have been 
devised and all lead to closely similar numerical results (these 
will be discussed later in an appendix) . The earlier historically 
important experiments will only be briefly described since, they 
' have now been , superseded by much more accurate determina- 
' tions... 

vfhe cIoM ehamber :i0terminatio!i of the eleetronie eharge; 
(Thomson) , ' 

The cloud chamber employed in this experiment' is , that 
designed by C. 'T. R. Wilson, ' \Air ^atwaled wi^^ water vapour 
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is brought into a state of supermturatiofi by a rapid adiabatic 
expansion. Wilson had shown that if there are ions in the ail* 
space of the chamber, a single water drop condenses upon each 
of these ions when the expansion ratio is suitable. In Thom- 
son’s experimefits a condensation cloud was precipitated upon ' 
negatively charged ionS by adjusting the amount of expansion. 

The cloud was observed to fall slowly under gravity and the 
rate could be measured. It is known that a drop falling in a . ' 

viscous medium (in this case the air) obeys the Stokes’ formtila, * 
according to which a drop of radius a and density p attains a 
constant terminal velocity given by v— 2 gpa^jQ 7 ) where 19 is 
the coefficient of viscosity of air. From observations upon 
the rate of fall of the top of the expansion cloud the mean 
radius of the drops can be calculated. 

Since the expansion ratio employed to produce the super- 
saturation is known, the change in temperature due to this 
expansion can be simply derived from the gas laws. With 
the aid of vapour pressure tables the amount of water vapour 
that has gone over into drops can therefore be calculated. As 
the radius of each drop is known the total number of drops in 
the cloud is obtained. The cloud is allowed to settle on to a 
surface connected to an electrometer which measures the 
total charge carried by the drops. Thus the charge carried by 
each drop, which is the charge on a single negative ion, is 
arrived at^ 

Although of historical importance, the above method may 
now be considered obsolete since there are many inherent 
inaccuracies associated with it. Thus the gas warms up 
rapidly after the expansion and the drops evaporate, turbulence 
effects exist, the drops have not all exactly the same .size, the 
rate of fall of the diffuse cloud edge is difficult to measure, etc. 

We shall therefore consider now a precision method for 
measuring the electronic charge, due to Millikan. 

v/ Millikan’s detennination ol the electronic charge 

The method adopted by MilIikanas.,a4iJmpKa:ed modificjc^ 

by-H.A..Wiison.^ In 
order to eliminate any errore due to variable drop size and to 
evaporation, observations are made on a single drop of low 
vapour pressure oil. A schematic outline of the experimental 
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arrangement is shown in Fig. 3.1. The essential observation 
chamber consists of a pair of optically worked flat circular 
plates of metal, set accurately parallel with optically worked 
glass separators. Small holes are drilled into the upper plate, 
close to the centre and these enable oil drops fiDm the spray 
atomizer A to enter the space between the plates. The drops, 
which are charged by friction during the spraying process, fall 
under the action of gravity with a velocity «=25r/)aV®’7- This 
can be measured by means of a microscope which has a 
scale in the eyepiece. If now a potential of about 1,000 volts 
is applied between the plates PQ, the upper plate being made 
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Fig. 3.1 


positive, the fall of a negatively charged drop will be retarded 
by the field. By adjusting the field strength a given drop can 
be brought to rest and maintained stationary in the field of 
view of the observing microscope. 

In general a drop will have acquired a number of units of 
charge, each being equal to e, the electronic charge. Suppose 
that on removal of the electric field the drop under observation 
falls with velocity »i. Let a retarding field X be applied such 
that the drop begins to move upwards with a velocity ^ 2 . If 
the drop has « units of charge the net upward force is 
where m is the mass of the drop. It follows, therefore, that 
{X.ne—mg)lmg=V2lvi 
giving ne=mg{vi^^ 
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By means of an X-ray tube, which can send ionising 
radiation between P and Q, additional ions can be produced 
between the two plates. When one of these collides with the 
oil drop the charge oMers abruptly and the observed velocity 
V 2 changes suddenly by a fixed amoimt±Vo collision. 

Since at each alteration the drop acquires a single positive or 
negative charge by colliding with the appropriate ion, n alters 
by ±1- From this it follows that e=w^®o/Xwi. The same 
value for was found from thousands of separate observations 
on a single drop, proving that the charges upon the positive 
and negative ions are idewfo’cal, apart from the sign. 

To obtain e it is necessary to measure m. This can be 
obtained from ®i, the rate of fall in air with zero field, since 
this is the termiipal velocity in the Stokes’ law expression for 
the fall of a spherical droplet in a viscous medium. According 
to this law the force due to gravity irta^pgl'H equals (hnjavi. 
This leads to a value for e which is 

e=(9ij/2)^(®i/pgf)4tTVo/3X. 

All the quantities in this expression can be measured. 

Millikan noticed that the value derived for e Was apparently 
not constant, as expected, hut appeared to be greater for smaller 
drops than for larger. He proved that this inconsistency arose 
from the incompleteness of the Stokes’ formula which requires 
a correcting term depending upon the mean free path A of the 
molecules of the gas through which the droplet is falling. 
This correction is important when very small droplets are 
employed. The final corrected expression for e is 

e =(97?/2)^(®i/pg')^ {l/( I + AA/a) }44 «• ®o/3X. 

In this the constant A is obtained from a graphical plot of the 
apparent variation of e with a. The value found by this method, 
when using the most recent value for the viscosity of air, is 
e=4-8036 X 10-10 e.s.u . 

This experiment is of fundamental importance, not only 
because of the accurate numerical result but because proves 
in a very decisive manner thal electricity is atomic. 

The many other indirect methods available for the deter- 
mination of e are discussed in an appendix. The best mean 
value for the charge given by all these methods is 
e =4-802 5 x IQ-io e.s.u.Y-ygg^ 
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Tli0 ratio of th© eharg© to th© mass of th© ©l©©troH (Thomson) 
'ThoiEsoE also first dotermiiied the mass of the electron. 
Me deTised an experiment for measuring e/w, the ratio ■ of the 
electronic charge to the electronic mass w, and since the value 
of 0 had already been obtained, m was deduced'\nd found to 
be some two thousand times as small as that of the mass: 'of 
the hydrogen atom. Since, as in the case of the determination 
of e Thomson’s method. has now been superseded, it will only 
be described very briefly. 

The quantity ejm is determined by subjecting a narrow 
pencil of cathode rays to deflection by electric and magnetic 
fields which are at right angles to each other. The arrange- 
ment used is shown in Pig. 3,2. A fine cathode ray pencil 



from a subsidiary tube T traverses fine slits and passes through 
a region in which there is an electric field X, produced by 
plates AA' maintained at a potential difference, and a magnetic 
field H produced by an electromagnet. The lines of force of 
the two fields act over the same region and are mutually per- 
pendicular to each other and to the direction of the incident 
cathode ray beam. 

Assuming that the cathode rays consist of charged particles 
with charge, mates, and velocity equal to e, m, v respectively, 
then the; force exerted upon each electron by the magnetic 
field alone is Hev. This acts perpendicularly to the direction of 
motion and deflects the electrons' into' a circular path, of radius 
R so that Mev The path is circular in the field only 

and if this extends over a distance I a particle moves/ through 
this path and . then travels tangentially on leaving the' field. 
If L is the distance from the centre of the field to the fluorescent 
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screen S, it can be shown from the geometry of the electron 
path that R=L1/PP' where PP' is the observed {small} deflec- 
tion of the spot of light due to the cathode pencil striking the 
screen. Hence 

PP'=HclL/m?; ...... (1) 

When the electric field alone is applied a force Xe acts in a 
vertical direction on the electrons producing an acceleration 
Xt/m acting during the time i spent in traversing the field. 
This time is clearly equal to Ifv where I is the length o'f the 
field and v the velocity of tht electrons. The vertical velocity 
is therefore Xeljmv. On leaving the field the particles possess 
this vertical velocity and the horizontal velocity v, hence 
' PP'7L is the ratio of these velocities where PP" is the resulting 
(small) deflection, i.e. 

'PF"IL=Xdtmv‘^ ( 2 ) 

Combining (1) and (2) gives 

»=PF.X/PP".H 

and e/TO=X.(PP')2/H2.PP".lL 

It is to be noted that if the field strengths are adjusted to 
give equal and opposite deflections (i.e. zero net deflection) 
then 

Xe=Hei; i.e. tJ=X/H. 

It is not possible in, practice to obtain' perfectly uniform 
fields. When this is done the expressions for the deflections 
geometrical limits of the electrode and pole faces. It is there- 
fore necessary to integrate over the whole of the variable 
fields. When this is done the expression for the deflections 
are modified to 



Jo 


The integrals are evaluated by direct plotting of the field 
strengths along the length of the cathode ray beam. 
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Dunnington’s method for e/m. 

A number of high precision methods for the evaluaiaon of 
e/m are described in brief in an appendix on fundamental 
constants. We shall deal here with one of these, the magnetic 
deflection method due to Dunnington, which? is one of the 
most accurate methods yet devised. 

The apparatus used is described schematically in Fig. 3.3. 
O is a high frequency oscillator supplying an alternating 

IS 



potential at high frequency simultaneously to the electrode 
pairs AF and CB. F is a filament which emits electrons when 
heated, and at every half cycle these are accelerated towards 
A and pass through a hole in it. The whole apparatus is 
highly evacuated and maintained in a very large uniform 
magnetic field H. By means of a system of slits SSS placed 
accurately upon a circle, electrons with a specific velocity are 
selected from all those passing through A. After deflection 
through a circular path by the magnetic field, which has its 
lines of force perpendicular to the plane containing the centres 
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of the slits, the electrons are trapped by the Faraday cylinder 
C providing they succeed in passing through ike game B, and are 
recorded by the galvanometer G. 

If the fields are adjusted so that the time taken for an 
electron to pai|s through the angle 6 exactly equals the period 
of the oscillator T (or is n times this), no electrons will succeed 
in reaching C, for at that instant B will have upon it the exact 
potential that A had when the electrons were accelerated by 
the latter. B therefore allows electrons to pass through (it is 
an open gauze) but draws them back before they rmch C. If r 
is the radius of the' circular 'path and v the velocity of the 
electrons 

Vz:=^rdlnT=^r6pln 

where p is the frequency of the oscillator. We have also 

t?=Hrc/m 

as the particles are deflected by the field of value H. Equating 
gives 

elm^0pjnll. 

In carrying out this experiment H is varied until the galvano- 
meter registers zero current, this value of H giving e/m. By 
using piezo electric quartz crystal control the oscillator 
frequency can be maintained constant to one part in a million. 
The angle 6 can be measured with precision, so that the final 
accuracy of the determination depends only on the in'iiformity 
of the magnetic field and the evaluation of the field strength. 
By employing a very large powerful magnet Bunnington 
achieved a'li accuracy of one part in 4,oOC} finding 

e/m = l-7o07 X 10*^ e.m.u, 

'At . 'present' ten precision determinations of ejm have been 
made, the weighted mean being 

e/ m=:l/7592 jr0-Q00'5X ICF e.m .u. , 

Thi'mass.of the 

; ' The ■ same value of e/m m found for the electron 'im- rmUer 
what source 'is emphyM." for creating the eleclfO'»«v provided that 
the velocities of, the particles' are small ■ compart " with the. 
mhcUy of light (It -wil; be shown later that at high 'velocities 
the electron mass increases' according to'/a iaw. given by the 
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Theory of Relativity.) ■ By combining the experimental values 
for e and e/m the value found for the electron mass is 

m=9’1066x gm. 

This will now be compared with the mass of^the hydrogen 
atom. The latter is best found by determining Avogadro’s 
number, which is the number of molecules in the gram molecule 
(or alternatively from Loschmidt's number, the number of 
molecules per cubic centimetre, since the weight of a cubic 
centimetre of hydrogen is known). 

Determination of Avogadro’s number (Brownian motion) 

The first significant determination of this important constant 
was made by Perrin (1908) from a study of Brownian motion. 
The botanist Brown discovered (1827) that very small particles 
suspended in a liquid are in a constant state of agitation^ due 
to thermal kinetic bombardment by liquid molecules. On the 
average, over a relatively long period, a particle receives an 
equal number of impacts in all directions, but if the particle 
is small^ then over any given short time more particle impacts 
will in general be made in any one direction than in the 
directly opposite direction, as the impacts are governed by 
the laws of chance. The unbalanced impacts make the 
particle move in a path which is quite haphazard. Very high 
magnifications are needed to render the motion visible. This 
Brownian motion is perpetual and gives direct evidence for the 
truth of the kinetic theory of matter. 

The suspended particles are in effect partaking of the 
thermal kinetic energy of the liquid molecules. When any 
heavy molecules are added as an impurity to light molecules 
(e.gr. bromine added to hydrogen) then, in accordance with the 
equipartition theorem of kinetic theory, the thermal energy is 
equally divided between , all the degrees of freedom in the 
mixture. In like manner suspended particles, (either in a gas 
or a liquid) can be considered to be molecules ” of very , high 
molecular weight, the weight of the particle being in fact the 
weight of the effective molecule. ' A suspension may therefore 
be regarded as equivalent to a km-pressure since the 
number of particles per , unit volume is small. ■ The ordinary 
gas laws are .applicable both to' the distributions and motions ^ 
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of the particles. It is possible to derive Avogadro’s number 
N from a study either of the density distribution of the sus- 
pended particles or from their wanderings under the impacts 
of the liquid molecules. 

'r' 

DeterminatioB of N from density distribution of suspended 
particles 

Under the combined action of gravity and the forces pro- 
ducing the Brownian motion, suspended particles in a liquid 
take up a vertical logarithmic density distribution similar to 
the density distribution of air molecules at varying heights in 
the atmosphere. This distribution can readily be derived by 
the following method. 

Consider two horizontal planes with one a distance dh 
directly above the other. If p is the density of the gas (effec- 
tively constant over the small range) then the pressure differ- 
ence between the two planes is 

dP^pgdk^gdhMIV 

where M is the gram molecular weight of the gas and V the 
volume of a gram molecule. Substituting from Boyle’s law 
(PV=RT) gives dP=dA.MffP/RT. 

Integrating between vertical points h cms. apart, at which the 
pressures are Pj and P 2 respectively, gives 
log{Pi/P2)=AM^/RT. 

Since the pressures are proportional to the number of particles 
per cubic centimetre Nj and N 2 we have 
log (Ni/N 2 ) =*M^/RT. 

This general expression applies to all '‘ perfect ” gases. For a 
gas, or suspension of particles each of mass m, the molecular 
weight is Nm where N is Avogadro’s number. The effective 
mass of a particle of mass m and density pi suspended in a 
liquid of density p^ is m(pi—p^)jpi, hence 

log (Nj/N2)=Nmj7A(l-p2/rt)/RT. 

The number of particles per cubic centimetre w hn the average 
proportional to the number passing tlirough a plane of given 
area in a given fixed time (it will be remembered that the 
particles are in motion). If, therefore, the particles are viewed 
by a microscope set at the two points in succession, counts of 
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the iHimber of particles passing through the field of view in a- 
given period of time are proportional to N| and ^ 2 .' ' 

Perrin employed a suspension of approximately spheiioal 
colloidal particles of gamboge yellow, of known density, ■md 
measured the radii by direct evaluation of tl)e length of a 
chain of particles end to end. Uniformity in radius was 
obtained by means of preliminary centrifuging of the particles. 
'Bj' means of this experiment the first approximately correct; 
value for N was obtained. 

Determination of M from the motions of suspended particles 

It was shown by Einstein that not- only could the distribu- 
tion of the particles yield a value for Avogadro’s number, but 
in addition the latter could be derived by observing the Mnear 
motion of a particle during a measured time period. A single 
particle moves in a haphazard manner and after a given time 
t is displaced a distance x from its original position. The 
force opposing the motion is the viscous resistance of the fluid 
equal to ¥=67rr)av where rj is the coefficient of viscosity, a the 
radius of the particles, and v its velocity. If X is the un- 
balanced force component due to the molecular impacts, then 


m . == — P +X 

m,d^xldt^==’^B7r7]€^ 

m.x»d^xjdf^==^--6m}axdxjdt-\-'Kx, 

If the mean is taken over a period of time sufficient to include 
a large number of impacts then iJXa;==0 and this can there- 
fore be neglected in performing the integration. In order to 
simplify substitute 


z==d(x^)ldt and v=dxjdt 

giving 

z^2xdxjdt and dzldt^2xd^xjdfi-\-2{dxjdi)^. 

When these substitutions are made we, get 
{mj2)dzjdt+^m]az^mv^. 

The average kinetic energy of the particle .is md 

according' to the equipartition theorem' this is the' same for all 
molecules and therefore equals RT/2N 'for a particle too. 
Hence ■ 


{m/2)dzldt+Z7T7iaz =RT/N. 
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The solution of this equation for finite values of the time is, 
to a first approximation, 

3=RT/37Tr?aN. 

As ^ d(x^)~zdt then x-—zl, 

hence z=x~jt~RTj^-n‘rjaii. 

Thus the measurement of the displacement a: during tlie time / 
enables N to be calculated since the remaining quantities can 
be measured. 

Determination of N by various methods 

A number of other methods have been devised for the 
determination of Avogadro’s number, and although most of 
these give only* approximately correct values, one of them 
gives the most precise value known. These methods are as 
follows : — 

(1) Measurements made by direct counting of radioactive 
particles. (This will be discussed later.) 

(2) Determination of the mean wavelength of light scattered 
by the molecules in the atmosphere (the blue of the sky) leads 
to a value for N. 

(3) N can be derived from the co-volume term in Van der 
Waal’s equation of state for a gas. 

(4) Studies of the opalescence of gases at their critical points 
can lead to a value for N (approximate). 

(5) By measuring the surface tensions of monoraolecular 
films with high precision the volumes of individual molecules 
can be determined and from these N can be derived with a 
considerable degree' of accuracy. 

(6) Since the charge on the electron is known N mn be 
obtained with very high precision from electrolysis measurements, 
thus. The Faraday F is that quantity of electricity which 
liberates a gram atom of hydrogen in electrolysis. This 
quantity of hydrogen contains N atoms each of which carried 
over a charge e. Clearly F=Ne. The value of F is 96487 
coulombs. This leads to 

N =6-Q23±0-00I X ' 

This value is now adopted as the most probable value for N. 
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The ratio of the mass of the eleetroB to the mass of the hyirogea 
atom 

Since Avogadro’s number is the number of atoms in a gram 
atom, the mass of the individual hydrogen atom is obtained 
directly from it. It is equal to 

M- l ()74x 10”^^ gm. 

Since the mass of the electron is 9-1066x10“-^ gm. the ratio 
of the two masses is 

?/?/M =1/1837. 
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POSITIVE BAYS AND THE MASS SPECTBOGRAPH 
Positive rays 

It was first noticed by_Goldstein in if the cathode 

of a~dischaige~tabe was perforated, rays passed through the 
aperture, appearing as a fine streamer of glow on the far side 
of the cathode. These were originally called." canoZ roya/l 
but..as4ater work sEowed that they are streams of positively 
ctao^ed particles they are. now called positiv e v ays-' The 
origin ofthese rays is quite clear. In a low pressure discharge 
tube the positive ions move rapidly towards the cathode, and 
if this is perforated some will shoot through the opening and 
form a pencil of ions on the far side. It was found that this ion 
beam has very strong ionising power, easily exciting ionisation 
by collision in the , rarefied gas behind the cathode. 

In order to throw light upon the nature of the ions consti- 
tuting the positive ray beam,. Sir J. J. Thomson in 191 i devised 
a method for measuring the ratio of the charge E to the mass M. 
The experimental difficulties were great, largely because of the 
ionising power of the rays. The method of Thomson has been 
developed by Aston and has resulted in fundamental discoveries 
of great importance concerning the ultimate structure of 
matter. In the following section we shall proceed to consider 
Thomson’s method for the determination of E/M for positive 
rays. 

Thomson’s para bola method for B/M 

The apparatuslosed by Thomson is shown in Pig. 4.1. The 
object of the experiment is the observation of the simulianeous 
deflection of the positive rays by means of parallel electric and 
magnetic fields. The pressure in the deflection observation 
chamber mtist be kepi very low, otherwise collision effects intro- 
duce complications, but the pressure in the discharge tube 
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wherein the positive ions are created must be high enough to 
give a sufficiently intense beam of positive rays for observational 
purposes. The difficulty concerning these mutually contra- 
dictory conditions is overcome in the following ingenious 
manner. ^ 

The positive ions are created in the flask A which has a 
capacity of 2 litres, since a large volume steadies the dischaage. 
The cathode B, faced with aluminium to reduce sputtering, is 
pierced, the diameter of the hole being 0-1 mm. Thw hole is 
continued as a fine tube, passing through a thick iron tube. 
Overheating of the cathode is prevented by the "water-jacket C. 
Near the anode D is a capillary tube E, which allows a slow 


F 



leak of gas into the flask, the pressure in the latter being main- 
tained fairly constant by adjusting the rate of pumping from 
F. A very narrow pencil of positive rays emerges from the 
bored cathode and then passes the pieces of soft iron PP', 
between which a deflecting electrostatic field X can be applied. 
However, PP' also constitute the pole-pieces of an electro 
magnet MM', although electrically isolated from each other by 
thin insulating sheets of mica. After passing through the 
electric and magnetic fields the rays then enter the very highly 
evacuated chamber 6, called the camera, and are recorded on 
a photographic plate H. Owing to the narrow bore and length 
of the hole in the cathode, the pressure in G can be kept very 
low by continuous pumping with charcoal in liquid air at I, 
in spite of the relatively high pressure in A. By this means 
coUMon effects are avoided. 
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Wl'ien iio lie Ids are applied, the positive rays foriii. a eeiitral 
uiideflected spot upon the photographic plate. The fields, 
being parallel, cause deflections of this spot at right angles to 
each other, the electrostatic deflection being in the plane, of the 
paper. Let tlie electrostatic deflection and y the magnetic 
deflection, then,, as already shown, if v is the velocity of the, 
particles we get. 



and 




{Hdx)dx, 

0 


Since tfie i,ntegrals de[>end only upon the field strengths and 
the ciimeiisioiis and geometry of the apparatus, we have 


x:=-k^EXfM.v^ and y==l.EH/Me 


in which kj and are constants. Squaring the exjiression 
for y and dividing by that for x gives 

Far any given values of the fields H and X. the .factor k^^'B^lkiX 
is constant, thus we have 

The constant K can be ■evaluated from measurc-fjnfiente of the 
field strengths and by measuring the deflections x and y the 
ratio of the charge to the mass can be determined. 

In the first experiments hydrogen ,:was introduced into the 
tube and with this gas the value found for E/M was 9,571 e,m:u* 
This is the same as that found, for the hydrogen ion of electro- 
lysis, and is therefore proof that the positive rays in hydrogen 
consist of hydrogen atoms from which a single electron has 
been removed. The ions thus have each a positive charge 
numerically equal to that of the eiectron. We now know that 
the hydrogen atom is- constituted of a relatively massive 
nucleus around which rotates a. single electron. When this 
outer electron is removed we are left with a single positively 
charged particle (positively ■ charged since the. complete .atom 
is neutral). Hie name pro-ton. hag been given to this., particle., . 
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Tit masses ©f positift itas 

If all tlie coHsfcitiient ions hx a positive ray focm-ni Jiave the 
same Biass and charge but move, with 'different velocitiesj the 
locuS' of the points formed by the rays upon the photograpMe 
plate will be a parabola, since then y^/x is ct^nstaiit. The 
appearance on the plate, will be. as pp* in Fig, 4*2, If noiv 
other rays are introdnced, the ions of which have, the same 
charge as before, but with a greater mass M', a different 
parabola will result, and as the magnetic displacement is less 



for the heavier particles the second parabola will be lower than 
the first. Since pp' is the parabola for hydrogen the atomic 
mass M' can be directly derived. The line OX cannot actnaliy 
be identified upon the plate so in practice the magnetic field . 
is reversed after half the exposme, resulting in a pair of mirror- 
image curves s$' and rr\ Clearly M'/M=(p"/g5)^', and ' the 
latter can -be meas'iired upon the -plate. This ratio therefore 
gives, the.,, atomic weight M' in terms of that of the. hydrogen 
io.n M. 
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Tile’S value of the .r displacement, due to the electrical, field, 
is inversely proportional to ■ the ■ kinetic 'e!ie,rgy of the co.e~ 
atitnent particles The particles can only' acx|i;iire energy 

np to VE where V is the potential drop across the discharge 
tube in which ^t^he positive ions are created, hence the para- 
bolae will not go through the origin but -stop abruptly at .a 
certain value of x corresponding to the inaximiiiii energy. 
,E.xceptions to this will be considered later. The type .of 
pattern observed in general is that shown in .Plate Ia. It .will 
be noticed that there a.re some weak curves on the .left-hand 
side of the plate. These exist because some of the particles in 
their passage through the pierced cathode collide with, and 
capture electrons. Becoming negatively charged, they suTer- 
deflections in the opposite quadrant to those of the normal 
ions. They arc usually found when electronegative elements 
such as carbon, oxygen, chlorine, etc., are present. 

Frequently more than one electron is tom from an atom in 
the electric discharge, a multiply ionised particle being created. 
Such a particle has a charge which is some integral multiple 
of E and will therefore suffer deflections different from those 
for a singly ionised particle of the same mass. Consider a 
doubly charged ion first. If this double charge is retained the 
whole time, the deflections the particle suffer will to pro- 
portional to 2E/M and are t.h.us the same as those produced 
upon a particle with charge E and mass M/2. For instance, if 
oxygen is introduced into the discharge tube a parabola due 
to a mass 16, O"^, is observed and this is aiwf’ays accompanied 
l.iy a weaker parabola corresponding to mass 8, this being the 
curve due to ions. This type of phenomenon is fairly 
general and a number of examples are shown in J?late Ia, in 
wliieh the plus signs have only -.been placed against multiply 
ionised ions. Multiple ..ionisation is frequent, and in some 
atoms as many as eight electrons can be lost. 

Amongst those multiply. ionised atoms produced in the main 
discharge, and thus having more, energy than the normal ions, 
are some which recapture, electrons in the narrow tube. On 
passage through the fields they are .deflected along the normal 
parabola if they retain a' single positive Ijharge. As they have 
energy in excess of ¥E {i.e, up to mVE where n is the degree 
of multiple ionisation) they -extend this parabola beyond the 
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Ia. Positive ray parabolas {after Aston). 
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normal x limit towards the origin. These faint extensions are 
visible upon the Plate Ia. 

The masses of the positive rays arc atomic or molecular 
masses. By measuring these, a certain amount of new chemical 
information, has been obtained. Thus, for instance, if a hydro- 
carbon, such as methane, is introduced into the apparatus, 
parabolas' are obtained which can only be interpreted as being 
due . to the compounds CH, CH2, CH3. Other chemically 
unstable compounds such as NH, OH, etc., can also be 
observed. This shows that these molecules can exist for a 
definite short period in the discharge tube. 

Isotopes and the mass spectrograph 

In 1912 Thomson examined the positive ray parabolas 
formed wdien neon was used as the source of the ions. The 
chemical determination of the atomic weight of neon is 20*200 
(based upon the scale 0 = 16) and, as expected, a strong line 
was found at a position corresponding to the atomic weight 20. 
This had, however, invariably associated with it a weaker 
parabola corresponding with atomic weight 22. No such 
element was known to exist. The intensity ratio of the two 
curves was absolutely invariant, no matter what were the con- 
ditions of discharge and pressure. The observations suggested 
that neon could exist in two forms chemically indistinguishable 
but with different atomic weights. Soddy had already arrived 
at a similar conclusion earlier about certain radioactive ele- 
ments. These he called ‘‘ isotopes ’’ since they occupy the same 
place in the Periodic Table. The isotopes cannot be separated 
by ordinary chemical means, so that the observed chemical 
atomic wfight is the weighted mean of those isotopes present. 
Thus an atomic weight 20*2 for neon would arise if there were 
present nine times as many atoms with atomic ' weight : 20 as 
■ those with atomic weight 22. The atomic weight of this 
mixturewouldbe {(9 x20)+22}/i0=20*2. " It therefore became, 
imperative to refine the apparatus in order to decide whether 
the ato,iiiic weight of the main parabola ion was really 20*0 
and not 20*2. If this could be shown it would prove that the 
weaker parabola was truly due to an isotope. Aston settled 
. this important question by designing an apparatus, now called 
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the mass spectrograph, with which an accuracy of one part in 
a thousand could be reached. 

'/fhe principle of the mass spectrograph • 

Although thr^! parabola method has now been considerably 
refined and made more accurate, all such types of apparatus 
suffer from the fact that the spreading out of the beam into 
the parabola reduces the intensity so much that there is a 
limit to the fineness of the slit that can be used in the cathode 
for the production of the positive ray beam. In the mass 
spectrograph the positive ions with same E/M and different 
velocities are brought to a focal point, the great increase in 
intensity permitting the use of extremely fine slits. The 
principle of Aston’s mass spectrograph is illustrated in Fig. 4. .3. 



After emerging from a pierced cathode the positive rays 
are made into a fine ribbon by slits, after which they pass 
betw^n the electrically charged plates Pj and Pg. Since 
particles with different velocities are present, the beam is 
not only deflected, it is also spread out. To a first approxi- 
mation the particles can be considered to radiate from Z, the 
mid-point of the electric field. The diaphragm D selects some 
of the rays allowing them to pass between the poles of an 
electromagnet 0, the field being such that the rays are deflected 
in a direction opposite to that imposed on them by the electric 
field between the two plates Pj and P 2 . 

Let 6 be the angle through which the seleeteti rays are 
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deflected by the electric field and if> the angle through which 
they are deflected by the magnetic field. Then, if i is^ the 
path in the electric 'field X and L the path in the magnetic 
field H, it follows that 

Ov^^lXEfM^kiEfU- 
•and ^t;=LHE/M=jfc 2 E/M. 

Differentiating each of these equations gives 

S0/0+2St7/t?=O 
and 8<f>lifi'\-Sv/v=^0 

thus 80/0=28^/^. 

The small changes in angle 86 and 8<f> refer to the particles 
with the same mass and charge, but with velocities differing 
by S-y. 

Suppose all the angles are small and assume also that in 
effect the electric and magnetic fields act as if concentrated at 
points. Let ZO=6, then the width of the positive ray pencil 
at 0 is 6 . 80 and at .a further distance r it will be 

W^b,8d+ri8e-8<f>) 

= 80 { 6 +r(l-^/ 20 )} 

since and 6 are in opposite senses. 

If ^>20 the width of the beam W becomes zero when 
20)=6.20. Zero width means that the rays have come 
to a focus. 

AH the rays with common E/M focus at one point. In order 
to find a geometrical construction for focal points for different 
atoms, draw rectangular axes OX and OY so that the angle 
between OX and ZO is 20. The co-ordinates of a focal point 
are then r cos {^—20) and rsin(^— 20). The latter, the Y 
axis co-ordinate, is, to a first approximation, equal to r (^-—20) 
since the angle is small, and this has already been shown to be 
equal to 280, i.e. it is a constant. The locus of foci is therefore 
a straight line parallel to OX, all the focal points for different 
E/M lying on this line, along which the photographic plate is 
placed. In' effect the instrument produces' mass dispersion 
analogous to that of , an optical spectrometer and is known , as 
a mass spectrograph.^ 
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Aston's mass spectrograph 

The first instrument, built in 1919, had an accuracy of one 
part in a .thousand,' but with the later second instrument now 
to be described an accuracy of one part in ten thousand is 
attainable. in the parabola method the positive rays are 
produced in a large bulb and after passing through the pierced 
cathode (see Fig. 4.4) traverse the slits S| and 82. These 
are only 0-02 mm. wide and are made by a sjieciai technique. 
They are 20 cms. apart and are set in line optically. ’The 
emergent pencil of positive rays is therefore ver}* fine. The 
electric de,flecting field is applied between the plates J| and J2 
which are slightly curved in order to enable the,ni to be brought 
close together and yet permit the deflectecl beam to traverse a 


T 



curved path. The distance between these plates can be made 
as small as T25 mm. : thus large enough deflecting fields can 
be produced with a bank of accumulators delivering only 
400 volts. The use of accumulators is of value since by this 
mean>s the field can be -maintained constant quite easily. The 
diaphragm K limits the width of the beam wlneli is permitted 
to arrive at the magnetic field of the magnet M whose pole- 
pieces are <iirved in the shape iHustrated for efficiency. 

The rays are brought to -a focus on the |)hotographic plate 
\V. I'he lamp T permits- a fiduciary reference mark to be 
made ufion the photographic 'plate. ' As in the parabola method 
it is essential to maintain asJvigh a vacuum as possible in the 
camera chamber and this is .done -by pumping at L Although 
the position of the focal line can be ealeulated It is found in 
practice that the predicted ■ posi'tion is only approximately 
correct. The final focussing ■'iimst , be done by trial and error 
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and is very laborious. Special care must' be taken in order to 
avoid sources of error which can arise if there are electrical 
polarisation effects upon the deflecting plates. 

The ' mass ratios of ions in the discharge are obtained by 
comparison with a standard mass referred' tqr«^ mark photo- 
graphed upon the plate. For this purpose a number of empirical 
methods are available. In the first instances gases were 
employed, the behaviour of which was already known from the 
parabola method, and by this means lines such as 
Q4. 0+ C0+ were identified. These lines give effective masses 
of 6, 8, 12, 16, 28, etc., enabling a calibration scale to be drawn. 
Intermediate points can be filled in simply by moving the 
whole group by an alteration of the fields. If such calibration 
curves are to be used it is essential that the fields must be 
maintained constant during a photographic exposure. 

The more accurate method now used by Astoii is called 
‘‘ bracketing.” The deflection equations show that if an ion 
of mass M appears at a particular point when the applied 
electric field is X, then an unknown mass M' can be brought 
lo the same point by applying a field X' so that M7M=X/X'. 
Let us now consider the ions H 2 '*" and He^. We shall make 
the provisional assumption that the ratio of the masses of 
these two ions is exactly 1 : 2. If the electric field for the 
hydrogen molecule is made double that for the helium atom 
the lines corresponding to the two ions will coincide. This is 
not desirable, hence three exposures are made, one for helium 
using a potential V upon the plates Ji and J 2 , and two for 
hydrogen using potentials 2V and 2V --x where a; is a small 
quantity. If the ratio of the masses is exactly 1 : 2 the He"^ 
line will lie exactly half-way between the two H 2 "^ lines. Any 
deviation from this ratio shows up as an asymmetry which 
can be measured in mass terms sufficiently well from a cali- 
bration curve. By bracketing unknown masses with accurately 
known masses great precision is attainable. 

Some examples of the beautiful mass spectra which have 
been obtained by Aston are' shown in Plate Ib. The mass 
,iiumbers of the isotopes are marked. 
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BMiWige’s metfeoi tor p0siti¥e my aialfsi^^ 

The ciiseo¥eries made by Aston with his mass spectrograph 
are of fiindameiital importance. A number of quite different 
types of mass spectrograph have been designed and operated 
by other in vettigators and these have all confirmed Aston^s 
conclusions. We shall consider here one of these^ naiiiely^ that,, 
designed by Bainbridge in 1930, and since improved upon. It 
is based u|)on tlie fact that a magnetic field alone wdll sort out 
the constituents of a mixed beam of kms according to M/M. 
values, if all the ions in the beam have the same ' velocity. 



Thus, if it is possible to select out all the ions from a positive 
ray stream with n single velocity and then to pass them 
through a uniform magnetic field, all those with identical E/M 
will traverse the same circmlar path and thus come to a focus. 
Particles with clifferent values of E/M trave.rse different circular 
paths fcumiing focal points corresponding to different ionic 
masses. The prineipie of the method, used ,is illustrated, 
schematically in Fig. 4,. 5. 

A narrow^ pewll of positive ions comes dowm through the 
slits kii and 82 and passes the “ velocity selector FjPg. This 
consists of a pair of plates between which is an electric field 
and a inagnetie field, so arranged that the deflections are in 
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opposite senses. Only those 'ions get through for which the 
electric and magnetic forces are 'equal and opposite, For 
these we have, if v is the velocity,. X the electric, and. the 
magnetic field, v=X/W (exactly as in J.'J, Thomson’s method 
for e/m for the electron). ■ 

It is clear then that all the particles which succeed in passing 
'the selector have the same velocity. After leaving the selector 
the ions enter a large nniform magnetic, field, the lines .of force 
being perpendicular to the plane of the paper, .and traverse 
circular paths, the radii of curvature being proportional to 
Mv/EIL where H is the strength of the deflecting field. ■ Thus 
the radii, and therefore the positions upon the photographic 
plate, are proportional to the ionic masses. The ions of 
different mass therefore fall upon a linear scale. 

The sensitivity depends upon the area and strength of the 
magnetic field used to deviate the ions. Bainbridge used a 
very large magnet capable of giving a uniform field of 15,000 
gauss over a semicircle of 40 cms. diameter. An example of 
the resolving power and definition attainable is shown in 
Plate Ic which shows the isotopes of germanium, zinc, and 
tellurium. 

The isotopic eonstitiition of the elements 

The first success with Aston’s mass spectrograph was the 
demonstration of the fact that there are definitely at least two 
isotopes in neon. Many gases were investigated and a number 
of metals. The production of metallic ions requires a special 
type of source, the best way to produce them being to heat 
metallic salts or crystal mixtures. The isotopic constitutions 
of more than seventy of the ninety-two elements have ■ now 
been determined, thanks largely to the labours of Aston, ■ 

The mass standard adopted for the atomic weights of the 
individual isotopes, is 16 for the neutral oxygen atoin. The 
first important' discovery made by, Aston was that the atomic 
weights of all isotopes are whole numbers on this ^ scale. ' The ' 
'' whole iium.ber rule ” is clearly of fundamentai importance. 
The' atomic weight of an element no longer has the significance 
previously attached to it, , since in a sense it is'' accidental and 
depends upon the mixture of isotopes belonging, to an element 
and upon their relative abundances. .Chlorine is a striking 
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example of this, the chemical atomic weight being non-integral, 
.15*457. The masS' spectrograph shows that chlorine has two 
isotopes : with masses 35 and 37 the relative abundances of 
these two, being 76 : 24. The mean atomic weight of .this 
n,iixtiire ca.lcU:l 3 ;ted from the relative abiindaiK^e is exactly the 
clieiiiieai atomic w^eight. 

Great complexity and variety is found amo,ngst distributions 
of. isotopes. For instance, so.me elements, !ik.e arsenic and 
iodine, have only a single isotope, whilst others have many, 
mercury possessing nine a.nd tin eleven. Not only is there 
wide variation in numbers, there is a similar variation in 
.■abu.ndan.ces. For example, bromine has two .isotopes only, 
the abundances of which are almost identica.!, whi,Ist in oxygen, 
there are' three isotopes with, relative abundance ratios about 
3,000 : 5 : I . When an element has iiii.me.roiis isotopc-^s in its 
constitution it is always found that these occur in a fairly 
regular manner. For example, the isotopes of lead .are 204, 
206, 207, 208, or those of germanium 70, 72, 73, 74, 76. Fairly 
regular sequences are formed in which the increase in atomic 
weight in going up the series rarely exceeds two mass units 
for adjacent members. 

Indium and tin illustrate a distribution of isotopes some- 
times met with. Both of these e,le.ments have isotopes with 
atomic weight 115. These are therefore atoms with the same 
weight but occupying different places in the Periodic Table. 
They are called "'‘isobars” (equal iveight). Isobaric pairs 
occur fairly frequently and in .some- cases there are Isobaric 
triplets, .an example being those isotopes of tellurium, xenon, 

^ a-ud tin w,hicli all have atomic weight 124. 

The signiicance of the ** whole number rale ” 

xls long ago as 1815 Front had suggested that all the elements 
were built up out of integral multiples of hydrogen but this 
was not believed because - of atomic weights like that of 
chlorine. The difficulty about .non-integral atomic freights 
was removed by the whole number rule. Experiment proves 
that every type of atom is capable of ■ejecting electrons under 
suitable conditions. Since atoms in their normal states are all 
uncharged they must, therefore all contain units of positive 
electricity equal to the possible number of electrons that can 
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be removed. , Positive ray analysis .proves that the lightest 
observable known positively charged particle ' (apart from the 
positron and meson which are special cases that will be dealt 
with later) is the positive ion of hydrogen. This is the proton. 
Compared with the standard atomic weight as 16 for 

oxygen, the proton mass is slightly greater than unity, namely, 
1*00778. 

It will be shown later that experiments on the scattering of 
radioactive particles prove that atoms can be considered to 
consist of a very small massive positively charged nucleus 
surrounded at some distance by rapidly rotating electrons. 
Practically the whole mass of the atom is concentrated in the 
nucleus which contains the whole of the positive charge. The 
number of outer electrons, in the extra-nuclear^or outer system, 
is equal to the atomic number, that is, to the numerical posi- 
tion the atom occupies in the Periodic Table. Hydrogen, with 
atomic number 1 has one outer electron, helium two, lithium 
three, etc. Evidence will be given later which shows that 
nuclei consist of protons and particles with almost the same 
mass but with no charge. These are the neutrons, the mass 
of a neutron on the same scale being 1*00895. 

It is clear from the atomic weights and the nuclear charges 
that all nuclei (excluding that of hydrogen) must contain both 
protons and neutrons. For the moment let us neglect the 
small deviations of the masses of these particles from unity. 
Consider the isotopes of lithium. The atomic number of both 
isotopes is 3, since lithium is third in the Periodic Table. The 
nuclear charge is therefore 3. The two isotopes have atomic 
weights 6 and 7. The mass and charges can only be reason- 
ably explained by assuming that the nucleus of the lighter 
isotope contains three protons and three neutrons, giving a 
charge of 3 and a mass of 6. ' In like manner the heavier 
isotope contains three protons and four neutrons giving a 
charge of 3 and a mass of 7. Tf a proton is added, to a given' 
nucleus the charge is increased so that the atomic number 
rises and, there results an atom in the next' place in the 
Periodic Table. On the other hand, if neutrons are added to 
a given nucleus the atomic number is not affected but the 
mass increases and thus we have a new isotope. 
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The mass defeet and packing fraction 

With increased precision in measurement Aston, found that 
in practically every case slight deviations from the whole 
number rule ^existed. The deviation was relatively large only 
in the case of bj'drogen, hence 16 was still retained as the 
standard, rather than H— 1, hiU this ttias quite arbitrary. On 
this basis some of the exact weights, selected at random, are 
as follows ; 

H .He Li O As Ba TI 

l’00'/78 4 -003 7-012 18 74-934 137-916 203-036 

The importance to be attached to these deviations becomes 
apparent when the relative masses of hydrogen and helium 
are considered. ^The nuclear charge of helium is 2 and the 
mass about 4, and it is logical to assume that the helium 
nucleus is built up out of two protons (hydrogen nuclei) and 
two neutrons. The mass of this combination should be * 
2 (1-00778+ 1'00895), i.e. 4-03346. As the above table shows, 
the atomic weight of helium is considerably less, being in fact 
lighter by about 0-030 mass units. The difference can be 
explained by the Theory of Relativity, according to which 
mass and energy are interchangeable and can be converted 
into one another. (This has been experimentally confirmed.) 
Inside the helium nucleus the constituent particles are very 
tightly packed together, as proved by measurements of the 
nuclear radius. It can be shown that in the original process 
of the formation of such a nucleus energy must be released in 
very large amounts before, a stable packing state is reached. 
This enormous loss of energy, which is related to the binding 
force between the particles, means a corresponding loss of maas. 
Clearly the stability of the final nucleus formed depends upon 
the amount of mass which has been lost in the form of radiation 
energy. The conditions necessary for the building up of nuclei 
out of their constituent particles, with the liberation of mass- 
energy as radiation, probably exist in the centres of hot stars 
where temperatures of many millions of degrees are reached. 

The deviation of the mass of a nucleus from the whole 
number is called the mass defect. It can be expressed in a 
: ♦ The way in which the aeiitroa mms m memmed will foe deeewfoediftter. 
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eonvenient form thus, ' If N is the mass mimber of an isotope, ' 
i.e. the nearest whole number, the mass in general is N—* S 
where .S represents the defect. The quantity 8/E is called by 
Aston' the packing fraction, since it is a measure o^the amount - 
of packing of the constituent particles. The picking fraction, 
which is generally expressed in parts per 10*^, is a very impor- 
* tant quantity, being a measure of the stability of the nucleus. 
When the observed packing fractions are plotted against the 
mass numbers of atoms they are found to fall upon the smooth 
curve shown in Fig. 4.6. Those light atoms with atomic 
masses which are exact multiples of four lie upon a separate 
lower spur. These nuclei are more stable than the others. 



The packing fraction of the helium nucleus is such that there 
are strong grounds for believing that this is a particularly 
stable combination of nuclear particles. It is probable that 
the helium nucleus can act as a sub-uiiit in nuclear structure. 
For this reason many light atoms whose mass numbers are ' 
divisible by four, are very stable and lie on a separate lower 
stability curve. 

Oxygen has been chosen as the standard for convenience. 
If hydrogen were taken as standard the numerical values of 
the packing' fractions and mass defects would differ. For 
instance, the mass defect of oxygen would then be 0'12, 

According to the Relativity Theory the equivalence of mass 
and energy is given hy E=mc2. That is, a mass m grams is 
equivalent to E ergs, c being the velocity' of light. If a gram 
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T'OxlO^® ergs of energy will be radiated. This is approxi- 
mately equal to 200,000 kilowatt hours. Clearly this enormous 
amount of energy is a possible source for stellar energy of 
radiation ; this will be discussed later. 

The discofery ht hea¥y hydrogen (denterMm) 

The discovery of an isotope of hydrogen with mass 2 and 
its prodnction in quantity has become of great importance, 
particularly for chemistry. The discovery goes back to the 
detection of isotopes of oxygen by spectroscopic means. Aston 
had not been able to observe any oxygen isotopes other than 
16 which was one reason for its adoption for the standard of 
atomic weight. The positive ray method is only one of the 
experimental procedures available for the study of isotopes. 
The differences in the masses of the isotopes constituting an 
element can have considerable influence upon the finer details 
of the spectra of molecules. Isotopes can therefore be studied 
by spectroscopic means. B\)r instance, the spectrum given out 
by the molecules of chlorine has in it lines which can be attri- 
butedto the moiecuJes The 

careful study of the molecular spectrum of oxygen revealed the 
existence of an isotope ^‘’^0 present to an extent of I in 630 
parts of and a fiwnter present to the extent of I in 3,150 
|)arts of ^'*>0. Clearly Aston's isotopic weights are all referred 
to tlie main isotope of mass 16 but the chemical atomic weigiits 
are based upon the atomic W’eight of the oxygen mixture, 
since this mixture as a whole takes part in ehemiea! reactions. 
The wiught of this isotopic mixture is 16*0035 on Aston's scale. 
}'ien<*e Aston's weights have to. be reduced by 2-2 parts in 
10j)00 to bring them to the chemical scale. 

The accurately measured chemical atomic w^eight of hydrogen 
is 1-CM)7'77 and tlie value previously found by Aston before the 
discovery of the oxygen isotopes, was 1*00778, based upon a 
value of 16 for oxygen. This agreement, although actually 
accidental, was considered,, eminently satisfactory. However, 
tiie dis(tovery of ^"0 and requires a reduction in the mass 
spectrum scale in order to bring it- into line with the chemical 
s<.*a!e and when this is done the. mass spectrographic; value for 
hydrogen becomes 1-007,56. The agree.ment has been turned 
into a discrepancy of, 0-00022- mass. ■ units. This could be 
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accounted for if it were assumed that hydrogen contained a 
small quantity of a heavy isotope, for then the -chemical atomic 
weight would be that of the^ mixture and ' therefore greater 
than the mass spectrographic value. It requires only I part 
in 6,500 of an isotope of mass 2 to produce ^i^^alteration in 
weight observed by Aston. 

Urey and his collaborators thereupon undertook the frac- 
tionation of liquid hydrogen, and owing to the fact that there 
is 100 per cent, difference in the masses of the two isotopes 
this method, inefficient in previous cases, was highly effective. 
The suspected isotope was successfully separated, being 
detected spectroscopically. It was named deuterium. It was 
later discovered that the water left in old oft-used electrolytic 
cells has relatively a very high concentration of deuterium (D) 
in the form of heavy water D 2 O. This arises because of the 
different mobilities of the electrolytic ions of hydrogen and 
deuterium respectively. By electrolytic methods it is now 
possible to obtain practically pure heavy hydrogen or heavy 
water in large quantities. Litres of deuterium can now be 
bought commercially at a low price. 

The importance of deuterium to chemistry as an indicator 
is very great. It is easy to replace hydrogen by deuterium in, 
say, a complex organic compound containing many hydrogen 
atoms, since chemically the two are very nearly indistinguish- 
able. Thus a particular hydrogen bond can be marked and 
followed in various reactions, for the deuterium can always be 
recognised by its density when it is liberated or transposed. 
Deuterium has also proved of great value in studying the 
structure of nuclei both as an object for disintegration and as 
a projectile for the production of disintegrations. 

The separation of isotopes 

Since isotopes have virtually identical electronic structures 
their chemical properties are, for almost all practical purposes, 
indistinguishable (apart from' the case of hydrogen). They 
can therefore mostly only be separated by physical methodvS 
which depend upon the atomic mass. In a broad sense these 
can be divided off into methods available ■ only for the, very 
light elements and those available for light and heavier atoms. 
'' Cheniicah” methods which involve either (1) electrolysis, 
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(2) distillation, or (3) chemical change, can only be used with 
atomic weights up to that of oxygen. We shall first deal 
briefly with these processes. 

Electrolysis 

If a dilute electrolyte is electrolysed, with emission of 
hydrogen, the differential ionic mobility of the two isotopes of 
hydrogen leads to a more rapid evolution of light hydrogen. 
The heavy hydrogen therefore concentrates in the electrolyte 
in the foi*m of heavy water. The solution is electrolysed until 
it is very concentrated. After dilution, the process is repeated 
until the original volume is reduced to one nine-thousandth 
part. The residue is then 90 per cent, heavy water. When 
the reduction is carried to 1 part in 25,000 the concentration 
reaches 99*9 per cent, and is thus lirtually a complete isotopic 
separation. Some 30,000 ampere hours are required for the 
production of 1 gram of heavy water. This method is only 
effective for hytlrogen. 

Distillation 

If the heat capacity of a liquid at low temperatures differs 
appreciably from that at normal tempei-atures, then it can be 
shown that there mil be differences in the vapour pressures of 
any isotopes present. The differences in specific heat sufficing 
to make this property applicable to isotope separation are only 
exhibited by the liquefied gases hydrogen, helium, and neon. 
In 1935 Keesom, Van Dyk, and Haantjes succeeded in 
separating the neon isotopes (partially) by this method. 

Exchange chemical reactions 

In exchange reactions between isotopically different mole- 
cules, the equilibrium constants differ slightly from unity. 
For example, the reaction i3C0-fi2C0jj=’X'0-i->Wl2 has an 
equilibrium constant of 1-098 at 273° A. and 1-029 at 600° A. 
By utilising this (and other analogous reactions) increased 
concentrates of isotopes, but not complete separations, can be 
achieved. 

The above three methods are all slow- and laborious and are 
not so strikingly successful as the methods to be described 
below, which can be applied to both light and heavier atoms. 
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In all separations the lower the initial abundance ratio, the 
easier it is to concentrate the less abundant. The more general 
methods now to be described involve (1) diffusion, (2) thermal 
diffusion, (3) the mass spectrograph. ^ 

Diffusion. ' _ 

’ ' Since the diffusion rate of atoms is inversely proportional to 
the square root of the mass there will be slight differences in 
diffusion velocities of isotopes. In 1932 Hertz, snccessfully 
applied this principle to the separation of the isotopes of neon* 
If a gas is diffused through a porons tnbe a slight partial 
isotopic enrichment takes place. Forty-eight snch diffusion 
tubes bniit into twenty-four pumps are arranged in cascade, 
forming a closed circuit through which the^ continuously en- 
ricliing gases are constantly circulated by an elaborate arrange- 
ment of pumps and valves. With later improvements of the 
apparatus great speed in separation was achieved. For 
example, in 8 hours ^^Ne, containing only 1 per cent, of the 
heavier isotope, was extracted, the quantity being 55 c.o. at 
normal temperature and pressure. 

Hertz has modified the apparatus so that the diffusion takes 
place through a wall of streaming vapour {e.g, mercury). Neon, 
argon, and even bromine isotopes have been rapidly separated 
by this process. The rate of transport of the material is 
about 1 c.c. per day with this arrangement. 

Thermal diffusim 

A very effective method for isotopic separation was intro- 
duced in 1938 by Clusius and Dickel who employed thermal 
diffusion, applied in the following way. If a mixture of gases 
of different molecular weights (whether differing isotopically 
or chemically) is placed between vertical parallel walls, one of 
which is hot and the other cold, the components separate out 
because : (I) thermal diffusion concentrates the heavier com- 
ponent near to the cold wall and the lighter near to the hot 
wall ; (2) thermal convection cause the colder (and therefore 
heavy-enriched) gas to flow down' in the iieighbourhood of the 
cold wall whilst the hotter (and light-enriched) gas flows, up 
near the hot wall. This leads to two gas streams which result 
in separation, until back diffusion leads to a ■ stabilised' distri- 
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biition. In the first experiments a vertical tube with a hot 
co-axial wire was used as the separating system. With a 
length of 3 metres and a temperature difference of 600° C., a 
mixture of gases such as bromine and helium was rapidly 
completely' /,^arated into its components. A 50 per cent, 
enrichment of the chlorine isotopes was attained. Later with 
a tube 36 metres long a complete separation of the chlorine 
isotopes (to within 0-4 per cent.) was achieved rapidly, S e.c. 
of gas being produced in 24 hours. It is found that a .tube 
but 1 metre in length is equivalent in tpeed to 12 Hertz 
diffusion pumps in cascade. 

The method is not only applicable to gases but can also be 
used with liquids. With zinc chloride the zinc isotopes 64 and 
68 can be partially separated. The thermal diffusion process 
is by far the simplest and most effective method yet devised. 
It is, however, limited to materials which are not affected by 
the high temperatures used and which will not react with the 
hot wire,. Moreover, the process is more complex tlian has 
been indicated and its failure to separate components effec- 
tively in certain cases has to be attributed to fieeiiliarities in 
the molecular force-fields for the molecules concerned. 


The mam. spectrograph 

It is clear that the traces made by- isotopes wdien the mass 
spectrograph is used represent a complete separation of 
isotopes. If the ion sources used are very intense, the different 
isotopes can, be collected separately and removed for examina- 
tion. At present the quantities which have been obtained by 
this, method are very minute., but as the separation is com- 
plete the process is useful for special case.s, 

BEBmEHCES ■ 

Maws S|ieetra ttiid lisutopya.” Aston. ,(m42p 

Reports on Progress in Pnysk;.s,’’ Vol. 4 {1940). Hiifsival o/ LomL ■ 



CHAPTER 5 




THE QUANTUM THEORY 

Difficulties with the classical theory of radiation 

Towards the end of the nineteenth century an anomalous 
situation had arisen in connection with the theory of black 
body radiation. By definition a black body ” is one that 
completely absorbs all the radiation falling upon it, or conversely 
behaves as a perfect radiator when heated. The classical 
electromagnetic theory of heat radiation can be applied to the 
calculation of the density of the radiation in an enclosure sur- 
rounded by a black body maintained at a uniform temperature. 
Such a radiator will, on classical theory, emit energy radiation 
of continuously variable wavelength. Rayleigh and Jeans 
have derived an expression giving the radiation energy per 
unit volume of the ether in equilibrium in such an enclosure, 
in a wavelength range extending between A and A—dA. 

In Jeans’ derivation of this radiation law the radiation is 
imagined as broken up into monochromatic wave trains and 
the number of such trains, or equivalent degrees of freedom, 
lying between the wavelengths A and X—dX is determined. 
The energy carried by each degree of freedom is known from 
general statistical theory, hence the energy density of the 
radiation -can be obtained. 

Suppose radiation of wavelength A forms steady stationary 
waves by being enclosed between two perfectly reflecting walls 
separated by a distance x. Then x=nX /2 where n is an integer. 
Consider now a cubical box with perfectly reflecting walls of side 
a enclosing radiation which produces stationary waves. Then 

la~niXI2 

ma^n^Xj2 

na==%A/2 

wiiere Wj. 112, '^■3 are integers and I, m, n are the direction 
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cosines for the radiation direction — since only when these con- 
ditions are satisfied will the corners of the cube remain per- 
manently nodes of vibration. Square and add, giving 

since ’ * P = 1 

then 

hence 

where v is the frequency and o the Telocity of the radiation* 
The nxixnber of possible stationary Tibrations which occur 
between the frequency limits v and v+dv corresponding to the 


!Y 



wavelengths A and A— dA, can- now be found by means of a 
gra})lucaj eunstniction. Using rectangular axes (Fig. o. I) the 
values ?i|f/2a, n^^cj2a are plotted as the i/, s co- 

ordinates, This gives a cubic lattice of points in which ttie 
distance of a point from the origin is (from above) ecpial to p. 
The total number of combinations of n values sueli that 

v< 2a < F “Hi 1/ 

is the number of points lying in '■ one between the spheres 
of radii p and f+cIr The, volume of the complete spherical 
shell is 4i7vHp. The volume .of the elementary cubic lattice 
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ie. it : 18 . (c/ 2 i$p. Hence the total number of indepeMent 
vibrations in the cube' of volume is 

4T7P^dv/8(c/2aP. 

The inimber of vibrations per unit of volume is tjb:^ 

4mv^dvjc^ 

—taking no account of polarisation. However, we should 
consider standing waves of mutually perpendicular polarisation 
as distinct inodes of vibration. The above number must there- 
fore be doubled, hence the total number of vibrations, or 
equivalent wave trains is 

%7rv^dvjc^. 

An ether vibration, or wave train, may be^ considered to be 
a dynamical system in which the average kinetic energy is 
equal to the average potential energy, both being equal to IcTji 
where h is Boltzmann’s constant (Avogadro’s number into R, 
the gas constant) and T the absolute temperature. The total 
energy for each mode of vibration being kT the radiation 
density is therefore 

. . . ( 1 ) 

This is the Rayleigh-Jeans classical radiation formula. 

According to this expression, the energy radiated (by a black 
body) in a given wavelength range dX increases rapidly as A 
becomes smaller and fact approaches infinity with small 
enough wavelength. The experimentally observed radiation 
curve is in complete disagreement with this conclusion . Further- 
more, the energy carried by all wavelengths (continuous 
emission) is 

JdE^fyn&TX-m 

where A goes from zero to infinity. The integral is equal to 
infinity for any value of T other than T zero, which interpreted 
physically means that the total en&rgy radiated per unit of time 
per unit area is infinite at aU temperaiures. Clearly this is 
an entirely false conclusion. Both conclusions are incorrect 
and both fail completely to accoimt for the observed dependence 
of radiation on temperature. The Stefan-Boltzmann law, 
which has been confirmed in the laboratory, shows that heat 
radiation is nronortional to T^ and the observations of Lummer 
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and Pringsheim on black body radiation show that the 
Rayleigh- Jeans law is not obeyed. 

A black body does not exist in nature but an eqniYaleiit can 
be deTised, ''.since it is axiomatic, that the radiation coming 
out of the iinall opening of an almost completely closed 
nnMorinly heated hoUow enclosure is equivalent to black body 
radiation. In 1897 Lummer and Pringsheim., by means, of a 
radiation bolometer, measured the wavelength distribution in 
the emitted energy spectrum of such, a black body radiator. 



'Fig. o . 2 

.Radiation curves we.re .measured for different emission 
.temperatures between 1, 000"^ 0. and (j. The curves 

found are ■ shown in Pig. 5,2. Actually the Rayleigh -Jeans 
.forin.ula- can be made to fit the curves for sufficiently large 
values of X, but for small X extreme disagreement is obvious. 
The amount of energy radiated at any tem|)eratiire is propor- 
tional to which co.rresponds to Stefan’s law, and is not, of 
course, infinite. .Since the mathematical derivation of the 
classical formula ,is -free from error, the contradiction with 
experiment can only mean that the fundamental assumptions 
used in deriving the expressions .are at .fault. 
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Diffleiilties with the classical theory of specific heats ^ 

According to the kinetic theory, ' which is based upon' 
statistical and ■ thermodynamic considerations,' the' mean 
energy of each degree of freedom of a gas molecule at 
temperature T is W/2, k being Boltzmann’s colstant. For a 
monatomic gas there are three degrees of freedom for trans- 
lational motion so that the total average energy per particle 
is 3*ijT/2. A solid is supposed to consist of individual atoms 
which are partially bound to their neighbours, but yet can 
resonate and vibrate fairly freely when heat is supplied. There 
will be N atoms in a gram molecule so that the kinetic energy 
of oscillation for this amount will be 3iTN/2, which equals 
3RT/2 since ik=R/N. The mean potential energy for each of 
the three components of vibration for each particle will also 
be iT/2 (it can be proved that the average potential energy 
equals the average kinetic energy in S.H.M.). Hence the total 
energy is E=3RT. By definition the specific heat at constant 
volume is (SE/8T)t?=3R, From this reasoning the specific 
heats of all solids should be the same and independent of 
temperature. 

The numerical value of 3R is 5-96 calories per gram mol and 
the above treatment was considered to be a theoretical vindi- 
cation of the early law of Dulong and Petit, which states that 
the heat capacity of the gram mol of most solid elements is 
approximately 6. However, this law fails completely when 
applied to light elements like carbon, and breaks down gener- 
ally at low temperatures, as all specific heats tend to zero at 
the absolute zero of temperature. This failure cannot be 
accounted for by the classical theory of heat absorption which 
requires a body to be able to absorb heat continuously in 
indefinitely small amounts, so that again it is apparent that 
the fundamental assumptions of the classical view are at fault. 


Tie qiiaiiliiiE theory 

In the failure of the classical methods to account for the 
radiation curves and for the specific heat data, the fundamental 
assumptions of the classical view must be to blame, and in 
1900' Planck proposed a revolutionary hypothesis by the aid of 
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which he deduced the true law of heat radiation. This, known 
as the quantum theory, has profoundly altered the whole out- 
look of physics, which up to the end of the nineteenth century 
had been developed on the basis of continuity in energy. 
Planck’s radS^l change amounted to the introduction of the 
concept of atomicity in the realm of energy. He made four 
basic assumptions, namely : 

(1) A black body contains simple harmonic oscillators 
which can vibrate with all possible frequencies. 

(2) The frequency radiated by an oscillator is the same as 
the frequency of kinetic motion. 

(3) The emission of radiation takes place at separate inter- 

vals, the amplitude remaining constant in the intervening 
periods. , 

(4) An oscillator emitting a frequency v can only radiate in 
units, or quanta, of the magnitude hv, where h is a universal 
constant. 

The fourth assumption is most revolutionary in nature, 
assuming as it does that energy can only be radiated in discrete 
quantities or packets, and not in continuously variable amounts. 
The constant h is now called Planck’s constant. 

The qaantum theory of heat radiation 

Consider a black body radiator containing a number of 
linear oscillators which can only vibrate with the integral 
energy values 0, hv, 2hv, Zhv, . . . nhv. . . . Let there be 
No vibrators present with zero energy. From the kinetic 
theory of equipartition of energy, the number of vibrators 
with energy e is given by NoC”^'*'-*-', hence the number with 
energy hv, '2hv, Zhv ... nhv .. . respectively is NoC-*, 
Noe“‘^, NoC~3* . . . Noe~”®. . . where x=hvjkT. fciumming 
gives N, the total number of resonators of the given funda- 
mental frequency present, so that 

N=No+Noe-*d-Noe~2*-j-Noe-3* . . . Noe-"* . . . (2) 
=No(l+e-®-fe-2*-j-e-3* . . . e-*“ . . . ) 
the series is equal to the expansion of ( 1 — e-*)~ ‘ so that 
N=No(l-e-*)-i 

therefore N=No/(l— c-») . . . . . . (3) 

The total amount of energy associated with the Noe-® re- 



THE QtTAHTTO. THBOEY 


81 


associated with the ' resoEators of energy 2‘hv is 

etc. Siimmmg the energy for all the resonators of freqneiicy v 

present gives, ' _ 

^=s:O.No+feF.N0e*"^+2Ai'/Noe~^*4*3Ar.Noe*"'^ . . 

. ==Iv,No6‘“^(i— 

===si, s# * Noe"^/( 1 

substituting M=No/(i~- e'~®) from equation (3) gives 
E = V . Ne~'*/{ 1 — e*”® ) 

=Ai/.N/{e®-l). 

Finally, replacing x by hvjMI we get 

. . . (4) 

Prom this expression the average energy per resonator of 
frequency is E'==Av/(e^*'^*^-— 1) . . . . . (5) 

To obtain Planck’s energy distribution law the energy per 
resonator must be multiplied by what is eiSectively the number 
of resonating modes of that frequency per unit volume of the 
ether. This will give the energy in a unit volume. The 
number of modes of vibration of the ether lying in the wave- 
length range . . . A X—dX is equal to SirA-^dA, hence the 

distribution law becomes 

dE==87rA~^dA.Av/(e*’^/^^^^^ . . . ; (6) 

or in terms of A 

dl ==87rAcA-"SiA/(e*<^/^‘^T -- 1). 

When A is large, or more precisely when hv is small compared 
with MIy the factor 

tends to hvjkT, 

It will be seen from (5) that in this case the average mergy 
E of one degree of freedom becomes equal to JkT (and indepen- 
dent of frequency), which is the value derived classically. ■ For 
this reason the distribution law derived' from the quantum 
theory will give the same numerical result as that derived 
classically; when long wavelength radiation is considered. 

If Planck’s radiation formula is written as 

dE=-iSnkTX-KdX).{{hvjkT^^^^ 

the first bracket term is equivalent to the Rayleigh- Jeans 
formula, from which it can be concluded that the quantum 
theory formula can be derived from the classical formula by 
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multiplying the latter by a factor — 1) which can 

be called Planck’s multiplying factor. 

Planck\s la\v fits the exfieriraental radiation curves very 
closely indeed. Differentiating shows that the energv- per unit 
wavelength 'interval has a maximum value for a given w'ave- 
length (T constant), wdiich is what is ob.served in the experi- 
mental curves in Fig. <>.2. Wien had earlier postulated his 
“ Displacement Law ” which stated that the {troduet of the 
temperature, and the wavelength of the ma.\inium corre- 
.sponding to this temperature, is constant. From Lummer and 
Pringsheim’s curves the wavelengths of the maxima at different 
temperatures can be measured and so the constant can be 
determined. It is thus found ex}>erimentaliy that —0-294. 
If Planck’s equation is differentiated with resj>ect to A {main- 
taining T constant and assuming the currently accepted values 
for h, k and c) 4t is found that a maximum for A occurs at 
AT— 0-288, which is in excellent agreement with the observed 
value, when experimental errors are taken into account. It 
w'ill be seen that the quantum theory of heat radiation succeeds 
completely where the classical theory breaks down, ft may 
therefore be expected that quantum considerations wall lead 
to a solution of the specific beat difficulties. This is indeed 
the case. 

The quantum theory of specific heats 

Dulong and Petit’s law for the specific heat of solids fails at 
low temperatures and with low- atomic w'eights. This is shown 
clearly by the curves of variation of specific heat with tempera- 
ture (it will be remembered that the classical theory predicts 
that the specific heat is independent of temperature). The 
specific heat curves for a number of materials are shown in 
ITig. 5.3. The general properties of the curves are as follows. 
At ordinary and high temperatures the specific heats converge 
to 3R but tend towards zero at very low temperatures. For a 
short way up from the absolute zero the specific heats are 
accurately proportional to T^. This is called Debye’s law and 
is generally applicable. Of great importance is the fact that 
all the curves for different materials have exactly the same 
shape and can be made to coincide by altering the .scale of the 
temperature axis. This means that Ce=/(5/T) where / is the 
same function for all substances and ^ is a temperature charao- 
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teristic temperatures ' for two materials, and, if Ti and T 2 are 
the temperatures at which the respective values of C are the 
same for both, then it follow^s from the identity of the functions 

0i/Tj=02/T2. / 

Since the classical theory fails, Einstein invokasd the quantum 
.theory in 1907 in order to attempt an explanation. He 
suggested that by analogy with the radiation formula, the 
quantum theory expression for specific heat could be obtained 



if the classical value for the energy of each particle was multi- 
plied by Planck’s factor. The classical energy value for a 
gram mol is 3RT so that, according to Einstein, the energy 
given by the quantum theory is 

1 ==3RT(Aj//A:T)/(e^*^/*T _ j 

If T is large compared with hv/k {which can be thought of as 
the characteristic temperature 6) this tends to 3RT, i,e: to the 
classical value. If, however, T is not large, then the expression 
for the specific heat will be obtained by differentiating, giving 

Thk equation for the .specific beat gives temperature curves 
very similar to those found experimentally but it fails at low 
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temperatures approaching the absolute zero. The disagree- 
ment is due to the neglect of the mutual forces exerted by the 
atoms upon each other. It was left to Debye in 1912 to 
develop a f peciflc heat formula which gives excellent agreement 
with experihie^t over the whole observable temperature range. 

Debye’s theory of speeiflc heats 
In Debye’s theory a solid is assumed to be an elastic body, 
the vibrations of the whole being considered. Erom the theory 
of vibrations it can be proved that the number of independent 
vibrations per unit volume, which He in the frequency range 
between v-(-dv and v is irr{llci^-]-2lct^)v^dv where cj is the 
velocity of propagation for longitudinal waves and cj that for 
transverse wave^. It will be noticed that three independent 
types of vibration can be transmitted, one longitudinal and 
two transverse (longitudinal waves cannot be polarised, but 
transverse waves can), hence the factor 2 in the term involving 
Ct. If V is the volume of a gram molecule of the solid the 
number of vibrations for this amount of material will be 

iTrY{lJci^-\-2jct^)vMv .... (7) 

From the fundamental quantum theory, the average energy 
(see equation (6)) for a vibration of frequency v is equal to 
fej'/(e*'’^*^— 1), hence the energy in the solid for frequencies 
between v+dv and v is 

dE=^Y(llci^+2jct^)hvSdvH^’’l^—l) . . (8) 

If the soHd were considered to be continuous the possible 
values that could be given to v would be infinite and it would 
be necessary to integrate from zero to infinity in order to 
obtain the total energy associated with the body. But here 
Debye takes into account the atomic structure of matter by 
assuming that the frequencies can only reach a definite upper 
Mmit v„. This limit is chosen so that the total number of 
possible independent vibrations is equal to the number of 
vibrations of the separate atoms in the soHd. If there are Nq 
atoms in the volume V, the number of vibrations possible will 
be equal to SNq because each atom has three directional degrees 
of freedom. However, the total number of vibrations is also 
the integral of equation (7), hence we have 
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which gives 

3No=yV(l/c,H2/cfS)v«,3 

(1/cj3+2/(^3)==9No/ 4^V.-»8 ^ . f . (9) 
Substituting in equation (8) gives 

dE == 9N 0 ^ v/ — 1 ) . 

Integrating for the total energy associated with the solid, 

E=^ hvHvl{(^'’Hf^-l) . . . (10) 

If now equation (10) is differentiated with respect to T, the 
following expression is obtained for the specific heat 

C,=(8E/8T),=™"rAMe»>’/*Tdv/{iT2(e'^/»^'-l)2}. 

TMs can be integrated by parts and then evaluated graphically. 
It can be rewritten as 

from which it will be seen that the right-hand side of the 
expression is a function only of hence 

C,=f{hvmm 

=/(fl/T) where d—hvmjk. 

The first point of interest is that the above law for the 
specific heat is exactly that deduced empirically from the 
experimental curves in Fig. 5.3. The quantity 9 only involves 
the universal constants h and k and the frequency vm which 
depends upon the particular substance under consideration. 
When the Debye function is integrated numerically, say for 
copper, the curve which is obtained, shown in Fig. 5.4, gives 
an exact fit with the experimentally determined values of the 
specific heat. The value of 6 for any substance can be calcu- 
lated from specific heat measurements. However, from 
equation (9) 

^„3==9No/4«-V(l/cj3+2/ct3) 

hence 9 can be independently calculated from a knowledge of 
the elastic constants of the material. The values so found 
are in complete agreement with those obtained thermally. 
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When T is small, the Debye equation becomes approximately 

which is' .the theoretical origin of Debye’s T‘^ law for low 
temperatures. ' 

Strictly spes^king the above Debye theory only applies to 
isotropic bodies in which all the atoms are identical but it can^ 
be extended so as to include crystals and chemical compounds. 
For non -isotropic ' bodies three terms have to be used, each 
with a different 0 value, corresponding to the three principal 
axes in the body. In the case of crystals account is taken of 



the lattice structure by introducing three 0 terms and also a 
number of others arising from individual frequencies. In effect 
the three Debye terms correspond to the vibration of the mole- 
cules as a whole, but in addition terms have to be added repre- 
senting the vibrations of the individual atoms in the molecule. 
Since the latter act as simple oscillators, these additional terms 
will be identical with those derived by Einstein in his earlier 
specific heat formula. Formulae which include both Debye 
and Einstein terms have been found to fit practically all the 
observed specific heat data of chemical compounds and crystals. 

The photo-eleetrie effect 

A detailed discussion of the photo-electric effect will not be 
given here, but' it' will be briefly considered at this; point' since. 
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its explanation by Einstein was an important .step in the early 
■ development of the qnantnm theory. When either light, or 
X-radiation is allowed to fall upon metallic surfaces, electrons: 
are ejected jfrom the metals. For any particular surfffee irradi- 
j ' ated by light, of different frequencies it is found that the ■ 
I , , Mnetic^ energy of the^^ejected e lect ron s doe s 'depend upon_ 

^ntepsity of the iight but varies^^^Mnearlj '^'"with the, 
j , 'Jf^iency. This can be expressed as mv^l2=hv--'P where 
1 niv^l% is the kinetic energy of the electron, v the frequency of 

I the radiation, h a constant. P is the amount of work required 

j to extract the electron from the metal and varies from material 

I to material. The constant h has exactly the same value as 

1 Planck's radiation constant and must be identified with this, 

j Thus when a quantum of energy hv separates an electron from 

j a metallic surface, work has to be done and the surplus energy 

[ reappears as the kinetic energy of the electron. 

I The intensity of the irradiating beam has absolutely no 

I effect upon the energy of the individual emitted electrons, only 

j varying the total number which is ejected. Experiments 

j carried out with very weak beams of light showed that the 

I photo-electric effect commences immediately a metal is 

irradiated (or at least within 3 x second). Einstein 
pointed out that in ^ome of these experiments the beam used 
; was so feeble that many hours of illumination would be 

; required before an amount of energy equal to A v could fall 

j upon a single atom, yet in spite of this the effect is instan- 

' taneous. Einstein's calculation was based upon the assump- 

I tion that the energy is uniformly distributed over the spherical 

I wave-front of the beam, as the classical theory demands, 

i Since the photo-electric emission is instantaneous, and as a 

I quantity of energy hv m definitely required for the ejection of 

an electron with kinetic energy mv^l2, Einstein was forced to 
^ conclude that the energy hv is not propagated as a wave 

but rather more in the nature of a particle travelling in a 
single direction. There is no sideways spreading so that 
the complete individual quantum of energy can be absorbed 
i by any atom it may strike, no matter how far the quantum 
has travelled. The light' quantum, or photon, as it is called, ■ 
. . is virtually' like a projectile travelling with the velocity of light. 

It .wiE thus be seen that the photo-electric effect affords. 
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decisive evidence in support of the quantum theory and 
suggests an extension of Planck’s original hypothesis. For 
not only is energy radiated in discrete amounts, but these 
individuanfmounts travel as separate packets of energy rather 
than in the form of spreading out wave pulses. The absorp- 
tion of a quantum of radiation can now be more easily under- 
stood, since radiation energy impinges upon an absorbing"’^ 
surface in the form of a shower of quanta and must clearly be 
absorbed in integral amounts. - 

The hydrogen spectrum 

It has long been known that hydrogen, which, being the 
lightest atom, is the least complex in its inner structure, emits 
a line spectrum ^hich exhibits definite regularity. The visible 
hydrogen line spectrum consists of four lines forming a regular 
series which gradually closes up. This series actually extends 
into the ultra-violet region, the lines becoming progressively 
closer and weaker untU they merge. The spectrum is shown 
in Plate IIa. The members of the series are respectively 
named Ho, Hy, Hg, etc., and as many as thirty-three lines 
have been measured. The position of a line is indicated by 
giving its wavelength A in Angstrbm units (1 A=1 X 10~8 cm.), 
but it is often more convenient from the point of view of 
calculation to use the reciprocal of the wavelength which is 
called the wave number v'. Thus 1/A and as v' is a 
reciprocal of a length its units are cm.-i For example, the 
wavelength of Ha can be converted into wave numbers as 
follows : 

A~6562-8 X 10-8 cm., hence v'=l/A=15, 253 em.-i 

Although the hydrogen series spectrum is relatively very 
simple no relationship between the wavelengths of the lines 
was foimd until in 1885 Balmer discovered that they fit the 
formula 

l/A=,.'=E(l/22-l/»2) 

where R, a constant now called the Rydberg constant, is equal 
to 109,677 cm.~i The respective wavelengths of the different 
lines Ho, H^, Hy, Hg, etc., are obtained from this formula 
when n is given the values 3, 4, 5, 6, etc. From the nature 
of the relationship, Balmer and, Ritz suspected that other 
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series might exist wherein the first term is different from l j%f. 
These have in fact been found, the general expression for them 
' being F'=R(l/m2 — l/r^.2).' Since R is known, , the positions: of 
the lines can be exactly predicted. Lyman fow 5 ?d, the, first 
series, with m=l and 3, 4, etc., lying in the deep ultra- 

violet region of the spectrum. ■ The second series, with m=2 
p®*^and w—S, 4, 5, etc., is the Balmer series, Faschen, discovered 
a third series in, the infra-red witli 7/1=3 and 5, 6, etc., 

and. Brackett reported the existence of the series ,m=4 and 
n=5, 6, 7, etc., in the far infra-red. 

Series similar to those in hydrogen have been found in 
the line spectra of other atoms, only in these cases the lines 
are often mixed up and must be sorted out by various means. 
In all of these series the w’ave number of a l,ine can be repre- 
sented as the difference between two terms. If c is the velocity 
of light, p the frequency of light of wavelength A, we have, by 
definition, c=vX so that v^vjc. From this it follows that the 
frequency of a line is also the difference between two terms. 
The wave number in the Balmer series is given by the difference 
between terms of the form 11 /m^ and Rl7i^. This applies to 
all series and is known as the Ritz combination principle. It 
gave Bohr the clue enabling him to explain atomic s{)ectra in 
terms of the quantum theory. 

Difficulties in the classical concept of the hydrogen spectrum 

Rutherford’s experiments with radioactive particles led him 
to the view that atoms consist of a small massive positively 
charged nucleus surrounded by outer electrons, both nucleus 
and electrons being small compared with the diameter of the 
atom as a whole. The charge on the nucleus of different atoms 
is alw'ays an integral multiple, Ze, of the electronic charge, 
e. Van den Broek suggested that Z might be equal to the 
atomic number, which is the numerical position which the 
atom occupies in the Periodic Table of the elements, and this 
was proved to be the case by Moseley’s measurements on 'X-ray 
spectra. The simplest of all atoms is hydrogen which can be 
considered to be built up of a relatively massive nucleus, the 
proton, around which revolves a single electron. 

According to classical mechanics, if a single electron revolves 
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iE a circle round a proton as nucleus, the inverse square law of 
charge attraction being obeyed, then energy must be radiated 
by the electron and the, orbital radiuS' must change during the 
radiation. a result of this the energy will be radiated in 
the form of a continuum and not as the discrete spectrum lines 
which are aciimlly observed. Furthermore, final equilibrium 
would only be reached when the electron had fallen into the 
nucleus. This classical view fails, therefore, to account for the 
existence of' a line spectrum and according to it atoms should 
be ' unstable, w^hich we know not to be the case. It must be 
concluded that the electron is not free to choose any orbit but 
can only move in certain privileged orbits. These orbits can 
only be defined by quantum conditions, the electron being 
said to occupy quantised orbits. 

Bohr's theory of the hydrogen speetrum 

In order to account for the hydrogen spectrum on a quantum 
basis Bohr propounded two fundamental postulates : 

( 1 ) Stationary states exist in the atom. Amongst the 
infinite number of orbits that classical theory expects, a 
selected number obeying specified conditions only can be 
occupied. The electron can rotate only in these stationary 
states and only in such a condition can the atom remain an 
infinite time without radiating. 

( 2 ) The electron can move by a quantum jump from one 
stationary . state or orbit to another, radiating out a quantum 
,of,' radiation in the transition. If the energy of the atom in 
the . first stationary state is E2 and that in the second is E| , the 
energy radiated is E=E2~~Ei,. and, just as in the case of 
Planck's oscillators, this will be equal to hv where f is the 
frequency of the radiated energy. Hence,E2—Ei=AF. This 
is called Bohr's frequency condition. 

i'.' Tt will' be observed .that v is not the frequency of orbital 
.rotation in. either, of the' stationary ' states. Converting the 
. radiation frequency into , wwe numbers gives ■ 

/ == f/c ==£2/^0 -~E|/Ac 

Thus, as in the empirical Balmer series Tormuia, ' the wave 
number is expressed as the, difference' between.'two terms. , 

Consider the , application of Bohr's postulates, to .the .simple 
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case of a massiTe imcleBs of charge Ze (in hydrogen Z=l) and 
mass M, assumed to be at rest. Around this nucleus an 
electron of mass and charge e rotates in a circle of radius r 
with velocity t?. For equilibrium the electrostatic: -attraction 
must provide the centripetal force on the electron so that 

Ze.ejr-^mv^jr . . . t . . (11) 

T=Zp^lmv^ . ... . . ( 12 ) 

If^we consider the potential energy of the atom to be zero 
when the electron 'is removed to infinity, the potential energy 
of the system considered above must be equal to — Ze^/r, for 
we must do an amount of work equal to Ze^jr to remove the 
electron to infinity. The total energy of the system is E, the 


sum of the potential and kinetic energies, ^^e. 

E=mt?2/2-Ze2/r (13) 

Substituting from equation (11)/ we get 

E = -~Ze2/2r=~-mt;2/2 .... (14) 


At this point Bohr introduces a further entirely arbitrary 
assumption, the only justification for which is that it gives the 
correct results. In the later discussion on the wave mechanics 
it will be found that all these arbitrary assumptions can be 
proved to have a sound theoretical basis. The assumption 
made here is that in those orbits which are possible it is the 
angular momentum which is quantised, the possible values 
being multiples of A/27r. The assumption can be expressed as 

mvr=^nhl27T . .... . ( 15 ) 

fi can have the values 1, 2, 3, etc., and is called the principal 
quantum number of the electron. Dividing equation (11) by 
(15) gives 

v^Ze^2TTjnh . . . ... (16) 

and as from (14) the total energy for any orbit is equal to 
—mv^j2, the energy of the nth orbit is 

E==--27r2Z2e4^^/n2A2 . ^ . . (17) 

Thus for two stationary states Ej and E 2 with % and as, 
principal /quantum numbers we have the radiated transition 
energy' 

E 2 ~E,| = {2n2Z2e4my^2 j p 2 y 
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hence, converting into wave numbers, v, gives 

== {27r2Z%%«7Pc}{l/l^l2~^ 

This 'is Balmer’s formula for the hydrogen spectrum, ,tlie 
Rydberg constant being equal to When this 

was evaluated terms of the constants comprising it, all 
of which 'were known, the number obtained by Bohr was 
109,737 cm“^' which is remarkably close to the value derived 



from the Balmer series, 109,677 cm.-^k This agreement con- 
stitutes a brilliant confirmation' of Bohr’s quantum theory of 
the origin of spectra. 

Going back to equation (12) we find that the radius of an 
orbit r is given by r=Ze^jmv^, and as v is given by equation (16) 
we get 

. . ... (17) 

The term in the brackets is constant, hence the radii of the 
possible orbits that the electron can fill are proportional to 
This is illustrated' in Fig. .5. '5 .which ■ also /Shows how the 
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different series arise. The electron can be raised to a high 
level by some form of excitation and then falls back, in tJie 
Balmer series to the level with ?^=2. The diagram, ^shows how- 
the Lyman, Paschen, and Brackett series arise. ^"'The orbits 
corresponding to 2, 3, 4, etc., are called K,,L, M, N, etc., 
orbits. ^ 

The orbital radii can be calculated from equation (17), and 
on substituting the values of the constants the radius found 



Lyman 

Fig. 5.6 


for w<=l is 0 - 02*8 A, which is of the same order as the atoihio 
radius of hydrogen given by the kinetic theory of gases. 

The different series can also be illustrated diagrammatically 
by plotting the energies of the different orbits horizontally, 
line transitions being shown by a vertical line (Fig. 5.6). 

The wave mechanies 

The general principles used by Bohr have been successfully 
extended- to include the very much more complex spectra 
emitted by atoms with many outer electrons. In such, atoms 
the interactions between the electrons complicate the analysis 
considerably. In spite of this a high degree of success has 
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been 'achieved, the main features of most spectra,, being 
accounted for on the. basis of electron orbits obeying Bohr^s 
qnantiim conditions. ' There are, however, certain discrepancies 
which occOr even in the relatively simple case of helium, which 
has only two outer electrons. The proposed quantum con- 
ditions- are also' very arbitrary assumptions the meaning of 
which it is difficult to understand from first principles. These*'^ 
difficulties have been resolved by the development of new 
methods of approach, the ‘'wave mechanics’* and ^ the 
“ quantum mechanics,** both of which turn out to be different 
mathematical forms of the same theory. 

The fundamental principle of the wave mechanics, first 
proposed by de Broglie, states that a moving electron or 
particle has associated with it a wave motion. The wave 
motion has a definite wavelength A given by X^hjmv where h 
is Planck’s constant and mv is the momentum of the particle. 
The properties of an electron considered to be rotating in an 
orbit must therefore be studied by examining the distribution 
of the associated waves. What was previously considered an 
orbital problem in mechanics now becomes a problem in wave 
motion. Just as in optics the simple ray theory must be 
replaced by wave theory to accoutit for phenomena like 
diffraction, polarisation, etc., so in atomic phenomena wave 
mechanics replaces the orbital theory in order to explain many 
details of spectra, nuclear properties, electron diffraction, and 
reflection, etc. The details of the wave mechanics theory will 
be considered in a later chapter, however. The more mechanical 
picture of electron orbits still retains its value as a practical 
working model of the atom. It is generally used because of 
its relative simplicity, but the modifications demanded by the 
more^ accurate wave equations must be added to the deductions 
from the orbital model. 
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CHAPTER 6 
THE THERMIOIIC EFFECT 

iHtroiiietioE 

I t has be en knawiL.siMe,Jhe eigMeenth ^ that the^ir 

in the neigb bourhood^^.Q^^ incandescent metal is an electri^ 
comiiic tQr. T hat this is due to the emission of ions by the 
hot body was proved by Elster and Geitel towards the end of 
the nineteenth century. The phenomenon js described as the 
thermionic effect, the metal being said to emit thermions. It 
was noticed that the thermionic emission depended upon the 
temperature of the emitter, the nature and pressure of the 
surrounding gas, and the nature and surface condition of the 
metal. The observed phenomena become therefore very 
complex unless some of the many variables are eliminated. 
Our present day knowledge of this technically important 
branch of atomic physics is largely due to the pioneer work 
of 0. W. Richardson who first obtained ordered results by 
paying special attention to purity and by making observations 
with very high vacua. 

The thermionic current 

The thermionic emission can be studied by means of very 
simple apparatus, similar to that shown in Fig. 6.1. The wire 
AB is heated by means of an electric current from G, and acts 
as the emitter. A metal cylinder CD surrounds the hot wire, 
and the battery E enables a potential difference to be applied 
between the two electrodes. The. apparatus is baked out and 
highly evacuated, the wire being kept incandescent for over a 
week in order to remqve traces of impurity. Tf the cylinder 
is made positive' relative to the wire a thermionic current 
flows across' the space between the electrodes and: can be 
detected by the measuring instrument P, If the, potential is 
reversed, the current ceases.. It is clear,, therefore, that the 
thermions -are negatively .c har ged.^ 

m . 
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It can easily be- shown that the negative ions constituting 
the thermionic current are electrons given off by the hot 
metal. When a potential difference is applied between the hot 
cathode and the outer cylinder the ions are accelerated towards 
the latter. ■ If now a magnetic field H is applied at right angles 
to the electrostatic field, and parallel to the wire, the ions will 
be deflected into- curved paths. 'For, a certain field strength * 
they will just fail to reach the outer electrode and no current 
will pass. If the wire is thin, this occurs when H2=8Vm/d%, 
where V is the applied potential, d the distance between wire 
and cylinder, and e and m the charge and mass of the ions. 



Tiy this means ejni can be measured and it is found to be 
identical with that of the electron. 

Effect of temperature upon thermionic emission 
If the temperature of the wire (deduced from its resistance) 
is maintained i^onstant, the thermionic current varies when 
the applied voltage is altered. The current does not, however, 
obey Ohm’s law, rising at first with the increasing potential 
difference but quickly reaching a maximum saturation value 
beyond wliich it does not increase. , The potential required to 
produce saturation increases with rise in temperature of the 
cathode. To simplify the study of the effect of temperature 
upon the thermionic emission, sufficient voltage is applied to 
produce saturation' for any • particular filament temperature. 
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When the temperature of the cathode is raised there is a rapid 
increase in saturation current. The type' of ■ curve obtained 
when the saturation current I is plotted against -the tempera- 
ture of the emitter T is shown in Fig. 6.2, from- which it, is 
seen that I and T are related to each other in a |egular manner. 
^Bichardson at first proposed the formula 6/T), 

A and h being constants characteristic of the metal constituting 
the cathode. 

Bichardson’s formula not only fits the experimental curve, 



but can be derived from simple kinetic considerations if it is 
assumed that a metal contains a cloud of free electrons in it 
behaving like a perfect gas. Such electrons have been postu- 
lated to explain the electrical ■ conductivities of metals, the 
Peltier effect, metallic optical properties, etc. In the simple 
theory the electrons are considered to have their • velocities 
distributed according to Maxwell’s law. Thus even at ordinary 
temperatures the electrons will possess appreciable velocities. 
They are, however, confined within the metal, for when an 
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electron passes through the surface it , induces ' an ' equal and 
opposite charge upon the metal which tends to prevent it 
' from escaping. An electron can only escape if it ' possesses 
more than A certain limiting velocity in a direction normal to 
the surface, the^jimiting amount corresponding to the energy 
required to overcome the work of emission against the induced 
; charges. 

As the temperature of the metal is raised the mean kinetic 
energy of the electrons will increase until a large number have 
energies exceeding the limit value and so succeed in escaping. 
If these are allowed to accumulate in the space above the 
metal an equilibrium will be established analogous to the 
production of a constant vapour pressure over a liquid in an 
enclosure. Underc equilibrium conditions the number of elec- 
trons leaving the metal equals the number returning from the 
electron cloud above it. The latter can be calculated directly 
from gas kinetic considerations and leads to the formula 

I=:AT'ica:p(-^6/T). 

However, a great deal of evidence show^s that the electrons 
within a metal do not behave as a perfect gas. Bichardson 
proved that if the electron emission is considered to be 
equivalent to the evaporation of a monatomic gas, the applica- 
tion of thermodynamic principles leads to the formula 

I=A'T2ea:p(-~-67T). 

Owing to the fact that the exponential factor' has a much 
greater influence than the other term depending upon T, both 
this and the earlier formula can be made to fit the observations. 
How’-ever,' -the modern quantum electron theory of metals 
■ shows . that the latter formula is correct . 

Energy of; the emitted electrons ■ 

Since the -electron densities in' the space outside the, metal' 
are small in thermionic emission, it 'is' to be expected: that , in 
this region the electrons will behave like a perfect gas for their 
mutual repulsion effects wfll; then be negligible. . This wM 'be'' 
true even if the distribution within the' metal itself is nom 
Maxwellian . Richardson measured- ' the velocity : distribution 
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amongst the emitted electrons with the apparatus shown 
in Mg. 6.3. The number of electrons given off by a heated 
platinum foil A is measured by the collecting plate B which is 
connected to an electroscope. A retarding potential V is 
maintained between A and B. C acts as a f«ard ring and 
.electrostatic shield. In order to eliminate any small voltage 
effects due to contact potentials the plate B is covered with 
platinum. An electron will only reach the plate B if its com- 
ponent of velocity perpendicular to the plate, tt, is such that 
exceeds Ve. In the experiment the retairding voltage is 



Fig. 6.3 


varied and the current I between the electrodes is measured. 
If the velocities in the direction considered obey Maxwell’s 
distribution law, It can be proved that I =Ioea;p( — Ve/iT) 
where Iq is the current passing when V is zero. This equation 
was found to hold exactly. Richardson modified the experi- 
mental arrangements enabling him to measure the velocities in 
the direction parallel to the plate and these also exhibited the 
same type of velocity distribution. 

The results of the measurements of the velocities in the two 
directions prove that the general velocity distribution is 
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Maxwellian, a conclusion that has been confirmed by later 
observation. It appears that the energy distribution is that 
corresponding to an electron gas whose temperature equals , 
that of the iiot surface. It is clear that electron emission must 
result in a cooling of the emitter as in the corresponding case 
of liquid evaporation. Conversely the absorption of thermions 
by a metal should raise its temperature. Both these effects 
have been observed. 

The effect ©f the potential difference upon the thermionic 
current 

It would at first appear that a small voltage should suffice 
to produce the saturation current, but owing to the mutual 
repulsions of the electrons in the space above the hot metal 
this is not so. If the emission is very large the accumulated 
space charge produced by this becomes considerable, and the 
true saturation corresponding to the temperature used can 
only be reached if very high voltages are applied in order to 
overcome the space charge effect. The space charge was first 
studied by Langmuir, typical curves being shown in Fig. 6,4. 
The curves each represent the relation between current 
and temperature when the potential difference between the 
hot wire and anode is maintained at a given constant value. 
At the lower temperatures the curves coincide with the 
saturation curve, but as the temperature is increased a smaller 
and smaller fraction of saturation is achieved. The bigger the 
applied voltage, the more rapidly are the accumulated elec- 
trons removed from the field and the higher the final value of 
the current. In each case a constant current is reached de- 
pending only upon the potential difference. If I is the value 
of the coil 6' to/, current corresponding to the applied voltage E 
it is found that I k being a constant. This relationship, 

known as Langmuir’s law, can be derived by the following 
treatment given by Loeb. , 

Consider a pair of parallel plates d cms. apart with a poten- 
tial difference E volts between them. The negative plate is 
hot, acting as a thermionic emitter of electrons, resulting in 
the passage of an electron current between the plates. Let 
the electron current density be l amp/cm.^ ,, If is the velocity 
of the electrons at any point, the current density there will be 



THE THERMIONIC EFFECT 


101 


where p is the volume space charge density and clearly 
equals Ne if there are N . electrons per cubic centimetre,: of, 
charge e. The electron velocity v is that given by the poten- 
tial V through which the electron has fallen, such that 
Ve=imt;2, m being the electron ^ mass. Thus ^?=='\/Wc/'m and 



Since Poisson’s equation holds for the space between the 
plates then we have numerically 



— =47Tp =47rl V m/2V6. 

Multiplying both sides by 2dV/f/x gives 

2dV/(m\ ^ Im dV 
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This is now ' integrated between the limits {dYjdzyQ^ at x~ 
where ¥ —0 and dYjdx at’ x=^x where V =V giving 

\do(i} j(d7idx)o 

The potentiLl V at x=0 is’O and if we assume that the 
space-charge and, electron current increase until the electric" 
field at the cathode is zero, then (dV jdx)^ ==0, leading to 


[(^ 




Thus 


(dYY 

\dx) 

Vi" 




Vi 


:VSrtlV2m./e . dx 


Integrating from V ~0 at to V =E at x^d gives finally 
^OttV m d^ 

Incidentally from this expression ejm can be evaluated. 


Effects of gases and of impurities 

The thermionic emission can be profoundly altered by the 
presence of a gaseous atmosphere around the emitter. Either 
adsorption phenomena intervene or else ionisation by collision 
can set in. Very small quantities of gas can^ have great, effects^ 
a trace of hydrogen being capable of making the thermionic 
current lO^ times as great. The surface adsorption effects 
will be discussed separately later. Apart from the normal 
thermionic emission of electrons, a fresh wire always gives off 
positive ions for a certain period, the number of these diminish- 
ing rapidly with prolonged heating in vacuo. In order to 
examine the. nature of .these positive , ions Richardson measured ' 
the values of , E/M by employing the magnetic, deflection 
method. He found that the ions given off initially by a 
platinum wire are positively charged potassium atoms occluded 
as impurity. , After heating for 24 hours, these w^ere replaced 
by sodium ions. It may appear surprising -at, first that so 
called '‘ .pure platinum should contain potassium and sodium, 
as ' impurities, '3ut when the total positive ion emission is 
integrated its weight is found. to be only 1 xl0”“® per cent, of 



THE THBBMIOKIC EtEECT 


103 


the weight of the platinum. Such minute impurities cannot' 
be removed by chemical means, and, as it is to. be expected, 
the positive emission varies with' different samples of the same 
metal. It appears at a much lower temperature than' that 
required for electron emission but, as with .the electrons, the 
velocities are distributed according to MaxweH’s law. 

'S^aee adsorption and the oxide eoated cathode 

A development of technical importance, particularly con- 
nected with tlie manufacture of thermionic valves and oscillo- 
graphs, has arisen from the early discovery by Wehnelt 
that the emission of electrons from a m etal surface ca n be 
greatlyjncreas^^^ certam oxides. ' Materials 

upon th^ surface of a ther mionic eniitter caij act in two waysT 
In the first and more obvious effe^, the adsorbed ihatef ial 
alters the work function, that is to say, it alters the amount of 
work that one of the conduction electrons in the metal must 
do in order to escape. The adsorbed atoms form an electrical 
double layer upon the metal surface which assists or retards 
the emission electrons, according to circumstances. With 
adsorbed electropositive elements the positive side of the 
double layer is outwards so that the work of emission for an 
electron is reduced. Conversely the adsorption of electro- 
negative elements reduces the thermionic emission by inoreasing 
the surface work function. Effects due to these double layers 
are found when pure metals like caesium or barium are adsorbed 
on platinum or tungsten surfaces. 

In the second type of surface effect it is not the conduction 
electrons of the supporting metal that are emitted, but the 
valence electrons of the adsorbed surface material. In such 
cases a good thermionic emission can be obtained with tempera- 
tures lower even than 200° C., whilst with pure metals nothing 
can be detected below 1,000° C. The oxide-cbated cathode is 
a typical example of this type of emitter. It consists of a 
platinum wire coated with one or more oxides of an alkaline 
earth metal, such as BaO. This is prepared by immersing the 
wire in barium nitrate solution and then heating. The wire 
requires to be '^ activated ” by the inclusion of a small quantity 
of carbon in the nitrate layer. The activation ” consists in 
reducing about I per cent, of the BaO to barium metal. The 
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metallic barium is adsorbed in the oxide layer and is the 
res|)unsi!)!e agent for the increased emission. When the wireis 
heated to about 200*' C. the free barium atoms lose electrons by 
thermal ionisation, a process quite different from the thermionic 
emission of the conduction electrons in a metal. Electrons 
then leak back '"'into the adsorbed layer from the metal sup- 
porting wire through the semi-conducting oxide and are 
captured by the ionised barium atoms, which are again ready 
for emission. This leaking back of electrons through the semi- 
conducting BaO layer explains why the emissivity of such a 
wire can remain unchanged for over a hundred thousand hours 
of continuous heating, the metal wire base being effectively 
an inexhaustible store of electrons. 

■ Xbe activity of an oxide-coated filament is destroyed if the 
free barium atoms in the layer are chemically combined by any 
means. This is called poisoning.’* As is only to be expected', 
traces of oxygen or water vapour can easily destroy the activa- 
tion. Ee-activation of a poisoned surface can be produced by 
reduction processes, proving that free barium metal is the 
cause of the enhanced emission. The well-known dull emitter 
thermionic valve contains an activated oxide-coated filament. 

The modern electron theory of metals 

In the early classical gas kinetic theory of electrons in metals 
it was implicitly assumed that the energy in the metal was 
distributed between the metal atoms and the electrons 
according to the equipartition principle. If this were so the 
free conduction electrons must contribute to the specific heat, 
which means that the atomic heats of metals should be higher 
than thovse of non-conductors. This is not the case, and to 
overcome this difficulty a quantum theory of the electrons in 
metals lias been developed largely due to the initial work of 
Sommerfeld. Tins theory has successfully accounted for 
electrical conduction phenomena and electron emission effects. 

According to the quantum theory of atomic structure an 
electron in an atomic orbit is defined by four quantum numbers. 
The electrons within an atom obey a law, the Pauli exclusion 
principle, which states that no two electrons can have identical 
quantum numbers. Fermi and Dirac have generalised this 
principle so as to include the free eonduction electrons within 
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a mass of metal. This ultimately leads to a new type of 
energy distribution law, the electrons being said to obey the 
Ferini-Dirac statistics instead of the Maxwellian distribution. 
Th|s quantum distribution is such that the contributions of 
the electrons to the specific heat is very small and proportional 
to the absolute temperature. As distinct froln the classical 
case, there is an energy distribution even at the absolute zero^ 
the electron energies varying from zero to a value 

Wi=:(A2/8m)(37i/7r)2/3 

h being Planck’s constant, m the electron mass, and n the 
number of free electrons in a cubic centimetre of the metal. 
The variation in n results in having values for different 
metals between 2 e.v. and 10 e.v. 



Fig. 6.5 

The distribution function for the kinetic energies of the 
electrons can be discussed with the aid of Fig. (>.5. This 
diagram gives F(E) as a function of E, the kinetic energy, for 
temperature zero (solid line) and 1,500'’ A (dotted line), in a 
representative case. At either temperature the number of 
electrons per unit volume of the metal having energies between 
E and E+rfE is given by ElF(E)dE. At absolute zero 
F(E)=~8 V 27 rm 1/7?/'^ over the energy range 0, to and is zero 
for higher energies. At higher temperatures it will be seen 
that only a small fraction of the electrons have energy greater 
than Wi.: 

It should be noticed that E is the kinetic energy of the 
electon ill the metal. At the absolute zero no electron can 
escape from the surface since even with kinetic energy v Writ 
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ture is increased, a inite but very small fraction of the electrons 
possess this energy, until eventually a' measurable thermionic 
emission, increasing rapidly with further increase of tempera- 
ture, is obtained. 

If Wa IB the work to be done by an electron in escaping 
from a positidi:! of rest within the metal, those with kinetic 
energy Wi will only require to be given an amount 'of energy 
equal to -Wi in order that they should be emitted. 'From 
the distribution curve in -Fig. 6.5 it can be shown that the 
electron ' current ' leaving unit area, is 

l^{ink^me/h^).T\exp{^iW^ 

This can be rewritten as l=A'T^exp .(--bIT) which is identical 
inform with the expression derived by Richardson' from purely 
thermodynamic considerations. The quantity (Wa-^Wi)/e, 
called the thermionic work function ^ measure of, the, 

work required to remove an electron 'from the surface of the 
metal. 

It can; be shown by wave mechanics methods that not all 
the electrons having sufficient energy to escape actually do so. 
A certain number are ‘‘ reflected ’’ afthe boundary and return 
into the body of the metaL If R is the mean effective ‘‘ reflec- 
tion coefficient the emission formula becomes 

I=:==A'(l-R)T26a;p.(^^ 

The value -of A" depends in a sensitive way upon the chemical 
purity -of the surface, R being affected in a critical manner by 
the potential distribution on either side of the boundary. 
This explains why the emission depends so much upon the 
state of , the surface. In platinum, for instance, A^"' can, vary 
from 145 X lO'J^ to 1-07 x '■ - - /■ 

Eleetfonie states in solids 

In solids the valency electix>ns are considered to occupy a 
nufiaber of -discrete states of different energy. ■ The -number of 
such states depends, upon the ''total number of electrons in the: 
material. ' In A' metal at the ' absolute 'zero , ail- 
energy states up to a- certain value, , At any 

temperature 'above this dk small ftmtion of the total number of 
electrons moves up to higher possible, but unoccupied states. 
The main concentration of ' electrons remains below the level 
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W^ 'as shown by the quantum mechanical distribution curve 
in Fig., 6.6. 

''A schematic diagram 'giving a rough -model of the distribu- 
tions of electrons in the states of a metal,’ an insulator, and a 
semi-conductor is shown in, Fig. 6.6. In the case of a metal 
at.’ a temperature above the absolute zero, -^here is ■ a large 
concentration below Wi (shown by continuous lines) and a 
■small concentration above this. The broken lines represent 
possible energy states as yet unoccupied. 

The distribution in the case of an insulator (diagram b) is 
distinctly different. Energy levels are grouped closely together 


(a) (b) (c) 



Meta! Insulator Semi-conductor 


Occupied levels 

Vacant levels ... - 

Impurity - levels » 

Fig. 6.6 

but the grotips are separated by wide gaps which are completely 
devoid of ■electron levels, ■ At the absolute zero of temperature 
the occupied levels -cease at a, gap. When -the temperature is 
raised the upper- levels still /remain empty, at moderate 
temperatures, , since the gaps cannot be crossed. . At' very high 
temperatures a nuinbcjr of electrons acquire , sufficient energy 
to enable them to cross gaps and.enter upper levels. 

A group ' of solids ^ important to ■ thermionics and , ^ photo- 
electricity is the semi<ondwtor qIbsb, ■ In this, the distribution 
of electron S'liergy levels , is similar- to that in insulators, but 
semi-conducting . properties are -exhibited by virtue. - of the' 
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existence of impurity atoms. These lead to occupied eieetronic 
states in the gap between the occupied and upper possible 
levels and act therefore as a bridge. These impurity levels: 
are represented by the broken and dotted lines (diagram c). 
The impurity levels do not extend continuously ' th:roughout 
the material biS*t are localised near the impurity atoms. At, 
moderately high temperatures electrons can move from the" 
impurity levels into the higher dotted levels normally un- 
occupied at low temperatures. 

Electrical conductivity 

As each electronic state is horizontal, in one of the above 
energy diagrams representing the levels in a slab of material, 
an electron should be able to move along an energy state 
without doing work. This means that the material will be a 
perfect conductor of electricity, exhibiting no resistance to the 
movements of electrons. However, the thermal kinetic 
activity of the molecules comprising tlie material has up to 
now not been taken into consideration. As an electron moves 
along a horizontal line representing a state, it encounters 
potential barriers due to the agitated molecules and unless it 
is given energy it cannot rise over the barriers. 

The application of an electrical potential to a slab of metal, 
say between the right and left-hand sides, as in Fig. 6.7, 
results in giving the energy levels a gradient in this direction. 
They are no longer horizontal and the displacement of an 
electron from an occupied level to an empty level, previously 
higher, is now possible and takes place. There is no change 
in the total energy of the electron which moves, but the kinetic 
energy increases with corresponding diminution in potential 
energy. The electrons can now move towards the positive 
electrode and we have electrical conduction. Work has still 
to be done in overcoming potential barriers. The energy lost 
in this manner represents the heating normally ascribed to 
electrical resistance. 

Below the energy level of value Wr there is practically no' 
displacement of electrons, since in a metal most of these 
energy states are occuj)ied. The electronic conduction, there- 
fore, mostly takes place in the upper band of unoccupied levels 
which acts as a conduction channel. 

When a potential difference is applied to an insulator th a 
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inovemeiit of electrons into unoccupied states does not take 

place, since the gap is such that it cannot be jumped. 

In a semi-conductor there are, it is true, electronic states in 
the gap, but as these are discontinuous in nature conduction 
cannot take place at very low temperatures.. At somewhat 
kigher temperatures electrons from the impurity states are 
able to pass into the upper continuous levels and then con- 
ductivity sets in, as in the case of a metal. There is one 
striking distinction between the conducting properties of a 



Fig. 6.7 


metal and a semi-conductor. In a metal the electrical resist- 
ance increases with rise in temperature as the more active 
thermal motions of the molecules interfere more strongly with 
the motion of the electrons. In a semi-conductor the electrical 
resistance diminishes with rise in temperature, since- more and 
more electrons succeed in entering the upper states and this 
effect considerably outweighs any effect due to increased 
thermal agitation. 

Eleetrieal image forces 

At first it would seem as if the application of only a very 
snutll potential, should suffice to draw all electrons out of a metal. 
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This would indeed be the case if there were no forces tending 
to retain the electrons within the metal boimdary. There are 
such forces, the chief of these being the deetrical image force. 
When an electron is withdrawn from a smooth-surfaced metal, 
it induces an equal and opposite charge in the metal and the 
resulting attractive force tends to oppose the withdrawal of. 
the electron. If the electron, charge c, is mthdrawn a distance 
X from the smooth surface the force is such as if an equal and 
opposite charge exists a distance z behind the metal surface. 
It is therefore equal to e^jix^. On moving the electron 
through a distance dz the work done is 

SW —e^dxjix^. 


Thus the work r^squired to move the electron from a point at 
a distance r to infinity equals 



e2 e2 


Clearly as r becomes very small, i.e, as the surface is approached, 
W tends to become infinite. The physical interpretation of 
this would be that there could never be thermionic emission. 
Actually, however, the assumption that the metal surface is 
smooth cannot be true for distances of the order of atomic 
dimensions and the law of force within these distances cannot 
be expressed in simple form. But we can write W=sWo+W| 
where Wq is the work needed to bring the electron out of the 
metal against some unknown law of force and Wi the work 
done in accordance with the inverse square law. Theory shows 
that the total work W does not depend in a critical manner 
upon the particular law of force operating at short ranges. If 
the short range force is effective over a distance Zi the total 
work is always approximately equal to no matter 

which of the probable laws of force is adopted. The value of 
Xi depends upon the particular metal considered. Also, in the 
notation of p. 106, W==:Wa. 

If ^ is the potential, necessary to extract the electron W ==e^'. 
Thus ^=W/6~e/2a:i enables the value of Xi to be calculated. 
When observed values of ^ (or Wa) are substituted, Xi is found 
to be of the order 1 or 2 x ems,, which is of the order of 
the radius of an. atom. The short range forces therefore 
operate over atomic dimensiom -onlp. As ^qc Ifxi electrons can 
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more -easily escape from heavier atoms than lighter, for- the 
atomic radius is larger and therefore <f> m smaller. 

If an electronis to escape by virtue of its own' kinetic energy 
then the latter must be in excess of ■ 

The Sehottkf effeet ■ 

. In direct thermionic emission an electron escapes when its. 
thermal energy suffices to enable it to overcome the electrical 
image forces. If an external anode is placed close to a 
thermionic emitter, exerting a force- which tends to draw 
electrons away from the hot metal, it is clear that at some 
distance from the hot surface the two fields balance. Any 
electron having sufficient thermal energy to enable it to reach 
this point will succeed in escaping. The greater the external 
field the nearer is this critical point to the hot surface. As 
this point moves in, less and less energetic electrons can reach 
it and thus escape. Effectively there is a redmtion in work 
function because of the presence of the external field. An 
increase in the latter rakes the thermionic emission. 

This effect was first pointed out by Schottky who derived 
an expression for the effect which is I=Ioea;p.(cE^/T) where 
Iq is the thermionic current when there is no external field, 
I the current when the external field strength is E, T the 
absolute temperature, and c a constant, A field of some 2,000 
volts per centimetre, which is easily attained, increases the 
zero field emission by 10 per cent, 

CoW emission ■ 

Clearly the greater the field strength the more important 
becomes the Schottky effect. With: ,a- sufficiently' intense field, 

; however, an .entirely -new effect 'sets, in. The maximum of: 
potential near the ’surface of the-' metal becomes exceedingly 
sharp and a wave-mechanical potential-barrier effect .occurs.'' 
.The more energetic of the electrons constituting, the' main 
, bo,dy, with ' kinetic' energies less than Vfi, and independent of 
the ' temperature, ■ B. finite probability of escape through 

the barrier. ^There is then cM Mlmde emissiony m 
called JieM emission. :- Both theory and observation 'show that. 

■ the cold emission, current is. given by I— where 
the field strength, and a and ft .are constante for a given metal. 
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Fields exceeding 10^ volts par centimetre are nsnally required 
before cold emission becomes manifest. ■ Up to about 700° C. 
the emission is independent of the temperature, but after this 
point true thermionic emission begins to assert itself. 

If a thin sur^ce layer of copper is separated from a massive 
metal copper base by a thin semi-conducting blocking layer, 
of CU 2 O, only some lO"”^ cm, thick, the application of but a few 
volts across this film gives a field strength sufficient to produce 
cold emission. When the surface of a copper plate is oxidised, 
oxygen atoms are occluded in the copper-oxide film as impurity 
atoms forming a true semi-conductor. If a piece of copper 
gauze be placed upon the top of the film to act as a contact 
maker, the combination acts as a rectifier to alternating 
currents. The application of even small voltages produces 
cold emission, but as many more electrons are available in one 
direction than in the other, owing to the massive metal base 
acting as a relatively infinite source of electrons, the flow is 
easier in this direction than in the other. The system there- 
fore acts as a rectifier. This fact has been made use of in 
electrotechnics and in mdio work where metallic rectifiers have 
become of importance. The rectifying actions of the early 
radio crystal detector and of the coherer are considered to be 
similar in nature to copper oxide rectification. 


The shot effect 

Interesting suppoi’t for the correctness of the atomic con- 
ception of electricity, and indeed a means for measuring the 
charge on the electron, is afforded by the so-called slmt 
effect^ Owing to the atomic nature of the themiiouic emission 
the electron stream is not perfectly uniform. It is to be 
regarded a hail of particles like small shot, and therefore 
exhibits statistical fiuctnations in any given time interval. The 
smaller thej time interval considered the larger are the possible 
fluctuations in the number of particles emitted in any one of 
these time intervals. These random fluctuations :are' equiva- ' 
lent to the superposition of a small alternating ■curreni on top 
of the average rfirecf current thermionic emission., ^ A statistical 
examination of the emission shows that the average fluctuation 
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of charge 8 in a time interval t is given by 8=Vie/t where i is 
the mean direct current and e the electronic charge. It is 
possible by this means to obtain. a value for the electronic 
charge. 

The fluctuations producing the shot effect are of very great 
importance in thermionic valves using high- .^amplifications. 
These fluctuations clearly set an upper limit to the degree of 
amplification that can ever be obtained by thermionic valves. 
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CHAPTER 7 


PHOTO-^ELECTRICITY 

When ^ substances, particularly metals, are irradiated with 
light of wavelength shorter than a certain limiting value, 
electrons are emitted. This, the photo-electric effect, has 
already been briefly mentioned in connection with the develop- 
ment of the quantum theory. The discovery of photo- 
electricity goes Sack to an observation made in 1887 by Hertz, 
who noticed that when ultra-violet light is allowed to fall upon 
a spark gap, the spark passes more easily than when the gap 
is not so illuminated. A year later Hallwachs discovered that 
a negatively charged metal loses its charge when irradiated 
with ultra-violet light, but the light has no effect at all on a 
positively charged body. A further step was made by Elster 
and Geitel, who proved that the electropositive metals potas- 
sium, sodium, and rubidium easily show photo effect when 
irradiated by ordinary white light. It is clear that ions must 
be emitted from bodies which lose charge when irradiated, and 
the HaEwachs effect proves that these must be negatively 
charged ions. In 1899 Lenard measured e/m for the photo- 
ions and by this means proved that they were electrons. 
Since the photo-electric effect is much more marked in metals 
than in other solids, liquids, or gases, the discussion following 
refers largely to metals. 

JLeuari's determination of e/m for photo-Ions 
' The apparatus employed by' Lenard for measuring the ratio, 
vof-the .mass to the charge' for ■'-■the ions emiited,.by a metal . 
.irradiated, with ultra-violet light, is shown in Fig.,' 7 . 1. The 
' apparatus is. highly evacuated. Ultra-violet light, entering by 
the' quartz window B, strikes an aluminium plate A. This is 
'.given a negative potential so that the negatively ' charge photo- 
^idm which are liberated are repeEed in a direction away from 
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A ■towards the earthed electrode E, which has a smal circElar 
aperture. This aperture isolates a beam of the charged 
particles which falls upon the electrode D and is detected with 
an electrometer. A magnetic field can be applied with its 
lines of force perpendicular to the plane of the paper (the 
circle diagrammatically indicates the position of the pole- 
pieces), and when this is done, the ions traverse a circular path 
reaching the electrode C which records them. 

In considering the forces acting upon the ions it wiM be at 
first assumed that any velocity imparted to them by the 
actual act of emission can be neglected. This being so, the 
ions will acquire a velocity v due only to the potential P 



applied between the electrodes A and E. If e and m are the 
charge and mass of the ions respectively, it follows that 
Pe=m«;2/2. In the magnetic field, of strength H, the particles 
describe the arc of a circle of radius R given by R=«;m/He. 
The radius can be calculated by measuring the distances of 
the electrodes C and D from the aperture E. Combining the 
two expressions, 'gives e/m=2P/R^H^ and t?=2P/RH. , The 
experiment, showed that ejm for the photo-ions was, identical 
with that,, for the electron, thus it must be concluded that the 
photo-ions are electrons. 

In Lenard^s original experiment the applied voltage P' was 
equal to 12,600, volts which, the above expression: shows, gives 
:the electrons a velocity of 5*4 ;xl0^ , cms./sec. 
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It has been assumed that the initial 'Velocity -of 'ejection, if 
any, can be neglected and it is easy to show that witli such a 
high applied voltage this, is justified* The emission velocity 
can be measured directly by giving the electrode A a positive 
potential Pq, which just suffices to cause the emitted electrons 
to return back4o the electrode. Clearly P^e^rrtV(^^l2 where 
is the velocity acquired by the electrons due only to the act 
of photo-electric emission. In the particular experiment con- 
sidered was found to be equal to 10^ cms./sec. which is only 
one-fiftieth of the velocity produced by the accelerating poten- 
tial P and can thus be neglected, unless an accurate value of e/m 
is required. , In practice it is convenient to describe the energy 
of electrons in, electron volts. An electron in falling through 
a potential difference of 1 volt acquires a velocity of o-O x 10'^ 
cms./sec. 

With the apparatus just described Lenard made a very 
important discovery.. He found that the emission velocity of 
the photo-electrons, could vary from zero up to a maximum 
value, The value of this maximum was independent of 
the intensity of the light, being affected only by the wavelength 
used and. by the nature of the electrode A. He showed further 
that the number of emitted electrons is proportional to the 
intensity , of the illumination. These , two fundamental laws 
were applied by Einstein to the development of ' the quantum; 
theory. Being of such importance, a critical re-examination 
was,^ undertaken, by Millikan ' with ' the object of testing the 
validity of the conclusions arrived at by Lenard on the basis 
of only approximately exact measurements,. Millikan’s, experi- 
mental refinements enabled him' to achieve a high degree of 
accuracy and the laws were completely vindicated. 

Millikan’S iiiYestigatioii of the velocities of 'ejection of photo- 
electrons ■'■, 

As a first essential, 'Millikan considered it necessary , to 
irradiate surfaces which were chemically clean, since by analogy 
with thermionic emission, it is to be expected that '' surface 
contamination will affect the work of emission and therefore 
the velocity of ejection of photo-electrons. In order to be 
able to study the effect of the wavelength of the incident light, 
the experiments were carried, out with the .alkali metals, since 
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they exhibit photo-electric emission with light from the visible 
region down to the ultra-violet. The use of these metals,, 
therefore gave an, extended wavelength range over, which 
observations could be made. The ' apparatus used' . was 
designed to enable the experimenter .to cut clean surfaces of 
the metals in vacuo. It is illustrated in Fig. 7 
. * A wheel W, which can be rotated from outside, has attached 
to it three cylinders, eacli made of a different alkali metal. 



K is an externally controlled knife mechanism by means of 
which the metal surfaces can be scraped clean. It is rotated 
electrically. The whole apparatus is highly evacuated in 
order to avoid secondary collision effects: A cleaned metal 
surface is brought opposite the window 0 and illuminated with 
monochromatic radiation of known wavelength. Photo- 
electrons are ejected. By means of a field applied between the 
emitting surface and a cylinder of gauze (dotted) the photo- 
electrons are retarded and can just be prevented from reaching 
the gauze which is made of oxidised copper, since this material 
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itself shows no photo-efEect with the light used. The voltage 
between the emitting surface and the collecting gauze is varied 
regularly, the electron current which reaches the latter is 
measured with an electrometer. This is repeated in turn for 
each different wavelength of light used. 

The results "obtained for the different alkali metals are 
similar in nature, a typical voltage-current curve being thai 




shown in Fig. 7.3a. The potential difference between the 
emitter and the gauze can be made accelerating or retarding. 
It can be seen that a high accelerating potential gives a 
maximum current which represents the total photo-electric 
emission. As the voltage is diminished, a critical point is 
reached at which the photo-electric current for all wavelengths 
begins to fall, ultimately reaching zero. Now the potential 
applied between gauze and emitter is not tiie true potential 
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di,ffere]Oice acting between them across the eFacnated space,' 
since there exists a contact potential difference between the 
respective materials. ■ (This contact potential difference is that ' 

. which supplies the driving voltage in primary electrolytic cellsv 
It introduces a small potential difference, between the . gauze 
and metal, of the order of 1 volt.) When the contact .poten- 
^ tial ' difference (measured against the electrode S) is corrected 
for, the ’ current- voltage curves are displaced as shown in 
Fig. 7.36. Thus when the gauze has a positive potential 
relative to the emitter- a constant current passes, but when it' 
is negative the current falls with increasing field, reaching 
zero at a point the value of which depends upon the wave- 
length of the light used (marked on the respective curves in 
Angstroms). ■ 

Einstein’s photo-eleetrie 

The intercept of each curve with the potential axis is the 
“stopping potential,” the value of which gives directly the 
maximum velocity of emission. For clearly the gradual fall 
off in emission current with increasing retarding voltage proves 
that some electrons have a small initial eiuission velocity and 
are easily stopped. In fact the velocities vary from zero to 
that requiring a retardation given by the stopping potential. 
When these maximum voltages (the intercepts V) are plotted 
against the frequency of the light, they fall upon a straight 
line obeying the relation V Vq. V is the stopping 
potential for light of frequency v, k a constant which has the 
same value for all metals, and Vq a quantity which differs 
from one metal to another. Electrons which require a stop- 
ping potential V must have an energy equal to Ve (e being the 
electronic charge), thus we have 

This relationship had been derived before Millikan undertook 
" his investigations, and the earlier measurements had shown 
that the numerical- value of ke was approximately equal ' to ' that 
of Planck’s radiation constant, h, . Einstein therefore proposed 
that the true' relationship is ^mvin^^hv—Voe. This assump- 
tion was shown by Millikan to be correct, ' since the . value he 
found for 1’^ 6*57 erg/sec.,' wlfich is identical 

' numerically with Planck’s constant. 

' The, expression mvm^j%^kv—Y (Einstein’s photo-electric 
law) is' . of significance in connection with . the- 
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quantum theory and with Bohr’s theory of atomic spectra. 
For soi 2 i.e frequency vq, hi^o will equal Vq®, in which case the 
emission velocity . a) will be zero. Thus it is clear that no. 
emission will take place if the incident light has a frequency 
less than fq* ' This critical light frequency is the photo-electric 
threshold, frequency, the corresponding wavelength to it being 
described as the long w^avelength limit, since light with longer , 
wavelength is ineffective. It will be shown later that the 
threshold frequency is related to the thermionic work function 
and, like the latter, depends upon the nature of the emitter 
and the state of its surface. 

If the Einstein photo-electric law holds good, the intensity 
of the incident light should have no effect at all upon the 
emission velocity! of the photo-electrons. This is indeed the 
case. Experiment shows that only the mm6er of electrons 
emitted depends upon the intensity. The number is directly 
proportional to the intensity of the incident light, but for a 
given metal the velocities depend only upon the frequency. 
This has been tested over wide spectral regions with large 
intensity variations and is found to be true under all conditions. 
A more intense source of light merely supplies more quanta, 
not more energetic quanta. It is the energy associated with 
each quantum that determines the maximum emission velocity. 

No matter how intense the light source may be, if the light 
frequency is less than vq no emission takes place. If the 
surface of the emitter does not happen to be uniformly clean 
and is patchy, more than one value of vq can be observed. 
In Millikan’s experiments changes in vo were observed if the 
surfaces were left exposed for some time to any traces of 
gaseous impurity left in the evacuated apparatus. Changes in 
the value of this frequency can also be brought about by 
recrystallisatiGn effects upon the surfaces after they have been 
scraped clean in vacuo. : 

It should be noted that the velocity Vm which occurs in the 
Einstein formula is the maximum velocity that an emitted 
electron can have, the actual velocity can vary from zero up 
to this limit. The velocity distribution can be either derived 
from the shapes of the curves in Fig. or measured directly 
by deflecting the photo-electrons with a magnetic field. 
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•Bieet of wafeleigtli, ipoa the, .iimler of ploto-eleetroas 
omitfei' , . ■ ■ 

■ KffereBt ' wa¥elen^^ different efficiencies, in exciting 

emisBion. "^ Tins two sources with the same absolute intensity 
but with different wavelengths produce different nnnibers of 
electrons. The effect of wavelength is clearly shown in 
Fig. 7.4. The curve A is that shown by a given pure metal 
with a chemically clean surface. The wavelength is plotted 
agaiiist the quantum yield, which is defined as the number of 
electrons per quantum of incident radiation. The quantum 
jield is, clearly a measure of the excitation efficiency. ' ■ The 
curve is, smooth, the quantum yield increasing from zero at 
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the threshold (about 4,000 A.) as the wavelength of the 
incident light diminishes. There is evidence suggesting that 
the yield should reach a maximum value in the far ultra-violet 
region. 

If the surface of the metal is contaminated either by adsorbed 
gas or impurities,' or, if a very thin film of some foreign metal 
is deposited upon it, the curve B is observed. The threshold 
in B has moved considerably to the red end; and instead of a 
smooth,' regular curve showing steady increase in quantum" 
yield with wavelength, the curve now exhibits a marked 
tnaximnun.,. With some metals two maxima have ' been 
observed. Photo-electric emission , in the neighbourhood ■ of , 
one of these maxima is calla,d “ selective ’’ emission, elsewhere. 
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it is called “ nomal” The names have an historical origin, 
since early workers considered that the maxima were dne to 
some abnormal selective effect, ' When the emission is normal 
it is independent of the plane' of polarisation ' of tlie incident 
radiation, but when it is selective the emission is usually 
greater when ;^he light is polarised with the electric vector 
perpendicular to the surface. A great deal , of the confnsiofi 
existing in earlier investigations upon polarisation effects was 
caused by inattention to chemical cleanliness. 

Apart from the '' selective humps, the regular increase, in 
quantum yield with diminishing wavelength is quite under- 
standable. The theory of metals shows that the electrons 
within a metal have different energies, hence light with hi' 
gradually increasing beyond the threshold value will be able 
to eject more and more electrons with less and less inherent 
energy. 

The theory of the photo-eleeMe effect 
As in the case of thermionic emission, a metal which has an 
adsorbed surface film is able to emit two kinds of electrons, 
either conduction electrons from the base metal or valence 
electrons from the surface film. When valence electrons are 
being emitted we get ‘‘ selective emission '' produced by the 
selective absorption of the incident radiation by the atoms in 
the surface film. This is a form of resonance, a particular wave- 
length being more effective than others in ionising the atoms 
in the surface film. In contradistinction, the normal effect ” 
represents the emission of conduction electrons which have been 
ejected from a pure metal without surface contamination. 

When an electron of energy W, within a metal, absorbs a 
quantum of radiation of energy its energy is increased to 
W4-Ar. When this energy equals the work W® required to 
be done by an electron in overcoming the surface forces, the 
electron will emerge from the metal with zero velocity . In 
general the kinetic energy of a photo-electron wiU be 
m^^/2=W-bAv— Wa. According to the ■ quantum theory of 
metals, electrons at absolute zero of temperature have energies 
varying from 0 to a' value W^. Thus at this temperature : we 
have, for the electrons with, maximum energy , W=Wi. ' From 
this it ■■follows .that mvnt^/2^hv+Wi’-Wa where'^w is the 
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maximiini velocity attained by an emitted electron* ISinKstein's 
photo-electric law shows ■ that mt?m^/2==^v---Avo,, hence 
hvQ^Wa'-'Wi. As the thermionic work function <^0' is' equal 
to (Wa—Wi)/e then Aro=6^o* This relationship show's/ that 
the photo-electric threshold enei'gy at the absolute zero is 
equal to the work required for a thermion to overcome the 
surfaces forces. Experiments carried out with palladium have 
proved that this theoretical prediction is obeyed. 

It will be noticed that there is a close analogy between the 
photo-effect and the thermionic emission when there is surface 
contamination. Just as adsorbed layers can increase ther- 
mionic emission, so they can also influence the position of the 
photo-electric threshold. Some metals can be made photo- 
sensitive in the infra-red by preheating in hydrogen, the 
resulting adsorbed surface layer producing a large shift in the 
threshold frequency value. 

Photo-eleetric fatigue 

An effect described as photo-electric fatigue ’’ was reported 
by the earlier investigators of photo-emission phenomena. It 
was observed that the emission from a prre metal began to fall 
off with increasing age of the specimen, and this was attributed 
to some form of fatigue.” It is now known that this so- 
called fatigue ” is due to slow oxidation of the surface. This 
results in an increase in the surface wnrk function, with corre- 
sponding diminution in photo sensitivity. The importance of 
even slight surface impurities was not clearly realised by the 
earlier workers. 

There is, however, a form of fatigue which is not due to 
surface oxidation and which sets in if the photo-emission takes 
place in the presence of gases. It is produced by temperature 
changes arising from the bomba^rdment of the metal surface 
by atomic and molecular ions created in the gas by the photo- 
electrons. This fatigue effect (due to ionic bombardment) is 
not exhibited when the photo-emission is being given off by a 
pure metal surface, but only when the emission is from a 
metal covered with a surface film. The latter is very sensitive 
to ionic bombardment. The fatigue is due to an alteration in 
the state of the surface film caused by heating by ionic bom- 
bardment. In particular, metals which have been sensitised 
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with 'hydrogen are very liable to exhibit' this form of fatigne. 
The surface heating does , not materially affect pure metals. 
Theory predicts that photo-electric emission from pure 'metals, 
should be almost independent of temperature, providing the 
. temperature is not great enough to cause thermionic emission 
to set in. This has been verified by experiment. 

Photo-eleetrie effects with non-metals 

, Photo-electric emission is not confined to metals, being also 
exhibited by non-metals, gases and liquids. Some metallic 
compounds, such as oxides, sulphides, etc,, are photo-active 
whe.n dry, others require first to be moistened. Quite a 
number of organic compounds give an emission, either in the 
solid state or in ^solution. Certain liquids are also photo- 
sensitive. The photo-activity of gases has already been met 
with in the method of producing gaseous ions by the irradia- 
tion of a gas with X-rays or ultra-violet light. This is a 
direct photo-effect, frequently in an innet electron shell. The 
electrons which |X-rays eject from solids in general are also 
photo-electrons Irom an inner shell. 

The phenomenon of phosphorescence has a fundamentally 
photo-electric niechanism. A very large number of phos- 
phorescent materials (phosphors) can now be made, according 
to varying recipes. A typical phosphor is as follows. ?arium 
sulphide is mixed with sodium carbonate which acts as a flux, 
and to this a trace of an alkaline earth metal is added. Such 
a mixture is strongly phosphorescent and at the same time 
markedly photo-active. It appears that certain molecular 
groupings behave as active centres, electrically insulated from 
one another by the flux. On irradiation photo-electrons are 
emitted from the active centres. Most of these are trapped in 
the flux mass which is non-conducting, They tend to leak 
back to the ionised atoms in the active centres and when 
recombination takes place there is emission of light. A finite 
time is taken for all the electrons to leak back, so that the 
material continues to emit light for a considerable period. 
This is the phenomenon described as phosphorescence. At 
very low temperatures the phosphorescent light-emission is . 
quenched, but when the -temperatureds' increased the trapped 
electrons can collide more frequently with ionised atoms, so 
that the intensity of the phosphorescence increases. 
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Photo-chemical reactions are also examples; of effects 
directly due to photo-electricj emission. It has been proved , 
that each quantum of light i absorbed is able to produce - a 
reaction with a molecule. T|iis may set. a chain of reactions 
in motion. A well-known typical photo-chemical reaction is 
the production of HCl by the irradiation t>f a mixture of 
hydrogen and chlorine. All life is, moreover, dependent upon 
a photo-chemical reaction — ^the formation, of sugars in plants 
from carbon dioxide by photo-chemical absorption. The 
action of a photographic plate is a practical application of a 
photo-chemical reaction. Silver halides are strongly photo- 
active, a photographic plate being essentially a suspension of 
a silver halide in a gelatine emulsion. The irradiation produces 
ionisation which forms the latent image. ^ There is either a 
local chemical change where the light falls or else a physical 
change, and at each point affected a grain can be developed 
up. The latent image is not absolutely permanent, disap- 
pearing if and when the trapped electrons in the emulsion return 
to their parent atoms. This leaking back is similar to that 
which produces phosphorescence but takes place at a much 
slower rate. 

The physiologi'^al effects of light, which are responsible for 
vision, etc., are usually photo-chemical in nature. It has been 
suggested that the act of vision is largely a simple photo- 
electric effect, since there is evidence of electrical changes in 
the retina when the eye receives light. 

The inner and outer photo-eleetrie effects 

When a light quantum falls upon a metal it can only be 
absorbed by an electron if the energy in the quantum is suffi- 
cient to raise the electron to some higher vacant state. In a 
metal there are always vacant states immediately above the 
band of filled levels. Hence any light that is at all absorbed 
raises electrons into higher states with a resulting increase in 
electrical conductivity. At ordinary temperatures the increase 
, in : eonductiyity is only very 'slight since the conduction; band 
already contains a '.nfimber of electrons. 

' In the case of insulators the energy in the quantum must 
exceed that of the gap between the occupied lower and vacant 
jipper band^^ an electron can be lifted into the latter. 
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Similarly j in semi-conductors ■ the energy in the incident 
quantum must exceed that required to raise an electron from 
an impurity level to a vacant upper band level. If the energy 
in the quantum does exceed this, electrons are raised into the 
conduction band producing a relatively large increase in the 
electrical conducthity . This is called the inner photo-effect. It is 
made use of in conductivity cells, a selenium cell being typical. 
For if selenium is illuminated the inner photo-effect leads to a 
fall in the electrical resistance. This can readily be measured 
and may be used as a measure of the intensity of the incident 
radiation. 

An electron cannot leave the boundary surface unless it has 
acquired energy sufficient to overcome the image force. Still 
more energy is therefore needed to detach the electron alto- 
gether, even though it has already been raised into the con- 
ductivity band. This emission of electrons, the normal 
photo-emission, is the outer photo-effect. It should be quite 
clear that the inner photo-effect does 7iot lead to electron 
emission whilst the outer photo-effect does. 

Both the inner and outer photo-effects have been made use 
of in practical applications to pholo-electric cells. Such a cell 
is a device for the detection and measurement of light. It is 
clear that instruments capable of doing this will have wide 
applications. The measurement and recording of light inten- 
sities is technically of importance, particularly in talking films, 
television, etc. Photo-cells have many valuable purely 
scientific applications also. A number of distinctly different 
types have been evolved. We shall examine these according 
to the photo-electric properties involved in their operation. 

Emission cells 

These make use of the outer photo-effect and can be divided 
into vacuum, cells and gas filled cells. The vacuum cell consists 
of a prepared photo-sensitive surface upon which light is 
allowed to fall, leading to electron emission. The electron 
current between the sensitive surface and an anode in the cell 
is measured, a potential difference of about 100 volts being 
applied between the sensitive cathode and the anode.^ M 
different types of sensitive surface have been employed. For 
the detection of w’hite light a compound surface is used, a 
cicsium film being deposited upon a silver base which is covered 
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’ . . ... 
with csesium oxide. The emission can be considered to be 

/ given off. by a composite surface' described as a Cs— 0— Ag 
surface. For spectrophotometric work a K — 0 — ^Ag' surface is' ^ 
found to be extremely good. If a narrow spectral region is 
under examination increased sensitivity can be achieved by 
the employment of a photo-sensitive materiM which has a 
maximum (selective effect) in the region studied. 

Vacuum cells are extremely accurate in their response, the 
photo-electric emission being strictly proportional to the intensity 
of the light. If the cathode is suitably chosen the sensitivity 
of a cell does not alter over very long time periods. They 
are by no means as sensitive as cells which will be described in 
following paragraphs, but are essential if precise intensity 
measurements are required. „ 

A tenfold increase in sensitivity results if a small quantity 
of gas is introduced into a vacuum cell. Such a detector is 
described as a gas-filled emission cell. The increase in sensi- 
tivity is due to the production of increased current by ionisation 
by collision. At a suitable gas pressure the photo -electrons 
ionise the gas by collision and the current increases. It is 
known that the time taken to eject a photo -electron from a 
surface is less than 10“® second, and as the time taken for one 
of these electrons to reach and ionise an atom is usually less 
than second with the cells in general employ, the time lag 
between the reception of the light and the production of the 
amplified photo-current is very small. The cell can therefore 
safely be used with light of very rapidly fluctuating intensity 
if need be. 

The typical commercial cell, made by evaporating csesium 
on to a silver surface which has upon it a deposit of caesium 
oxide, has a high red sensitivity, the work of emission being 
low and the threshold being far in the red region of the 
spectrum. The increase in sensitivity produced by the intro- 
duction of the gas has made this type of cell commereially 
important. It has a good frequency response but has an 
. accuracy of only 2 per cent. A constant light intensity can 
produce photo-currents which can fluctuate to within 2 per 
cent, because of the irregularities in the amplification in 
ionisation by collision. The small photo-currents are usually 
amplified further by means of thermionic valves. 
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leetiier eels 

The iraier photo^effect has been applied to the detection, of 
light and two. forms have emerged, the rectifier cell nnd the 
conductivity cell, which will be discussed' later. A photo-active 
boundary -results when a semi-condncting layer is formed on 
the surface of a metal plate either by heat treatment or by 
cathodic sputtering. A typical case is the formation of a semi- 
condncting layer of'Cn20’by heating a copper plate in air. It 
is considered that oxygen acts as the impurity in the insulating 
oxide, converting it into a semi-condnctor. 

The rectifier cell with a sputtered film is more often used, 
as the film thickness and its nature are under control. In 
such a cell the light falls upon the front wall of the semi- 
conductor in the’^manner shown in Fig. 7.5. The surface film 


Light 



Film 

Semi-conductor 

Metal base 


Fig. 7.5 


is effectively transparent and when light is absorbed at the 
interface of the film and semi-conductor electrons travel against 
the light. Illumination therefore results in the passage of a 
current through the cell. This current is not proportional to 
the intensity of the light flux in a simple linear manner but 
depends upon the resistance of the current detecting instrument 
in the circuit. The smaller the latter the more nearly linfinr 
is the relation between current and light intensity. 

Bectifier cells require no external application of potential. 
They are robust and cheap and have high sensitivity, being 
able to detect light -with the same degree of sensitivity as gas- 
filled emission cells. They have one drawback in so far as 
the current cannot easily be amplified by thermionic valves. 
The currents produced by strong light sources, such as daylight, 
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suffice to operate galvanometers directly without ’ amplifica- 
tion. The cells have therefore been widely applied to the 
manufacture; of instraments used in lamp photometry, general 
•iEnmiiiatioii meters, and exposure meters for photographic , 
work, etc. 

All rectifier cells exhibit a marked selective effect in the 
^een or red. , They are sensitive to temperature* changes and 
have m effective time lag in operation. 

ConiietMty eells 

Conductivity cells also employ the inner photo-effect but 
differ from rectifier cells regarding boundary conditions. In a 
thick slab of semi-conductor the electrons can accumulate at a 
boundary and set up a back electro-motive force which ulti- 
mately can prevent the flow of the primary photo-current. In 
some semi-conductors, amongst which selenium occupies an 
important place, a large secondary current flows in addition 
to the primary photo-current. The origin of this secondary 
current is as yet obscure. It makes the material more con- 
ducting and arises from a change in the state of the material 
occasioned by the accumulation of primary electrons at the 
boundary. A definite time is required before the secondary 
current is fully established, considerable time lag in 

the attainment of the final state for a given mtensity^ 
Mumination. Selenium and thallxm sulphide are particularly 
good materials for the construction of conductivity cells. The 
change in resistance which takes place on irradiation can be 
measured in the usualmanner by a bridge circuit. 

These coUs require the application of a potential of about 
100 volts. ■ They are sensitive to temperature' , changes (one 
degree rise in temperature leads to a 2 per eent. change in 
response) and have a time lag- of approximately one-tenth of a 
second between receiving the light and registering full change 
■in' resistance. ■ The^ light sensitivity is not linear. , The mils are 
very selective with a sharply marked imximum in the ^ red vr 
infra-red. Tim makes them very much more red -sensitive 
- than the' human eye. - They be,.:.-used-^^^^ 

work or for measurement but are 'best used merely for the 
detection'of.light.- ■ 


5 ’' 
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Light counters 

; When extremely weak sources of light are to be detected 
photo-counters are used. Ordinary photo-cells are more sensitive 
than the eye and in the red the conductivity cells are very much 
more sensitive than visual detection. For white light the visual 
threshold is IQ-p lumen. A sensitive cell gives a current of 
6 X lO-® amp. with this intensity of illumination if it has the same'' 
aperture as the eye (a disc of 6 mm. diameter). Such a current 
can be detected with the aid of amplifiers. A typical cell has 
a much greater receiving area than the eye and is correspond- 
ingly more sensitive if a wide aperture beam is available. 

A light counter, or photo-counter, is a modified form of a 
Geiger-Miiller counter, the application of which to radioactive 
observations will be discussed later. In the Geiger-Miiller 
counter a metal Cylinder (cathode) is enclosed in a glass tube. 
Down the cylinder axis passes a clean wire (anode). The tube 
is filled with gas at about a pressure of 5 cm. and a potential 
applied just below the spark breakdown potential. The pro- 
duction of ionisation near the wire by any means leads to 
ionisation by collision with resulting breakdown and the 
passage of a large current which can be detected readily. 

In a light counter the inside of the cylinder is coated with 
a photo-sensitive material and the axial wire with a high- 
resistance film. The applied potential exceeds the breakdovm 
potential for a clean wire but no discharge takes place because 
of the high-resistance film. When light falls upon the sensitive 
cathode photo-electrons are released. They ionise by collision. 
Owing to the high-resistance coating on the wire a single pulse 
of current is produced for each photo-electron liberated. 

The photo-counter is essentially a device for the detection 
of extremely weak light sources. With a detecting area of 
12 sq. cms. it is possible to detect a light flux of only a single '■ 
quantum per second. The remarkable nature of this will be 
appreciated when it is recognised that a quantum of yellow 
light (sodium light) has an energy content of only 
3*3x10-12 erg. 
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ATOMIC SPECTRA AND THE PERIODIC TABLE 

The speetrum of ionised helium 
Helium (atomic number 2) has two electrons in its outer 
structure and a nuclear mass of about 4. If it is ionised by 
the Complete removal of one of the electrons the residual atom 
possesses only one outer electron and is therefore like hydrogen, 
except that the nucleus has twice the charge of the hydrogen 
nucleus and about four times the mass. In Bohr's simple 
theory for the Balmer series it is assumed that the nucleus is 
so much heavier than the electron that to a first approximation 
its mass may be treated as infinite. An infinite nucleus would 
remain at rest, but actually the nucleus and the electron both 
rotate about their common centre of gravity. It can be 
shown from a simple treatment of the dynamics of rotating 
bodies that the formulae derived on the basis of an infinitely 
massive nucleus still hold for a non-infinitely massive nucleus 
if the electron mass m in the formulae is, throughout, replaced 
by the reduced mass ” fi where ft =mM/(m+M}, M being the 
nuclear mass. When account is taken of the finite nuclear 
mass, interesting differences appear between the spectra of 
hydrogen and ionised helium. 

The spectrum of ionised helium should be similar to that of 
hydrogen since both atoms have a single electron, but there 
will be differences due to : 

(1) The nuclear charge being 2 instead of 1 ; 

(2) The nuclear mass being approximately four times that 

of hydrogen. 

Considering first the effect of the increased charge, and 
neglecting the difference in nuclear mass by assuming both to 
be infinite, it is clear that ionised helium will give series similar 
to the Balmer series, the lines obeying the formula 

131 - 
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v' |2iT2Z2e*m/cit® } {l/jii® — 1/»22 I 

=Z2Eh{1/»i*-W} 

Eh is Eydberg’s constant for the hydrogen atom. Since Z=2 
the series of He+ will be identical in form with that of hydrogen 
but with 4 Rh replacing Rh- To a first approximation this is 
experimentally confirmed since the alternate lines of the 
ionised helium series, discovered by Pickeriag, almost coincide 
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•with hydrogen lines as predicted by the Bohr theory (see 
Fig. 8.1). 

The coincidence between the lines from the two atoms is, 
however, not absolutely exact, the cause of the difference being 
the different nuclear masses. The Rydberg constants for the 
two atoms are not quite identical when the reduced masses of 
the electrons are employed. The gei\erai expression for the 
Rydberg constant using the reduced mass (defined as for 
Z=l)is 

R != {27r2e4ffi/cAS}{l /( 1 +m/M) } 
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K Rh are the Rydbei^ constants for ionised helium 

and hydrogen respectively and Mh* and Mh the nuclear masses, 
we have from the above 

R^H^/I^H — ( 1 )/( 1 +»i/Mb;«) 

to a first approximation, since the ratio of the mass of the 
electron to that of a nucleus is small 
Thus 

•®'''H:«/RH==l+(ui/MH) — (« i/Mh«) 

= 1 +(™/ Mh )(1 r-MH/Mite) 

The quantity Mh/Mh« is the ratio of the mass of the proton to 
that of the helium nucleus and is known from mass spectro- 
graphic date to be 1/3-98. Therefore an experimental deter- 
mination of the ratio R+h«/Rh leads to a value for m/Mn which 
is the ratio of the mass of the electron to that of the proton. 
Tiie numerical experimental value for R'‘’h« Is 109,722 and that 
for Rh= 109,677. When these values are inserted into the 
above expression the ratio mfSILg, is found to be 1/1843 which 
is very close to the value found from deflection experiments 
upon electrons. This was one of the early triumphs of the 
Rohr theory. So accurately is the formula obeyed that the 
spectroscopic method is now considered one of the best means 
for precisely measuring the eledtron m^ and the ratio of the 
mass to the charge. 

Series in line spectra 

The series which appear in the spectra of hydrogen and 
ionised helium Ure obvious to the eye. Most spectra are con- 
siderably more complex than these two, and although many 
contain thousands of hues it has been found possible to arrange 
all the lines of any spectrum into series. In the large majority 
of cases the individual members of a series overlap into other 
series and a great deal of skill is required to separate the series 
members from the confused mass of hues usually observable. 
The spectra emitted by the many-valent atoms to the right of 
the Periodic Table, and by the rare earths, are particularly 
complicated. We shall therefore first consider a type of 
spectrum called “ %drogre» like.” Such a spectrum is one 
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emitted by a monoYaient atom such as an alkali metal,, or an 
alkali earth metal which has had one electron removed by 
ionisation. The spectra of all the atoms which' occur in a 
given column of the Periodic Table are closely similar to each 
other in structure so that a discussion of the characteristics of 
the spectrum of sodium will cover the general details to be 
found in all hydrogen-like spectra. 

Although the Bohr' theory fits the grosser details of the 
hydrogen spectrum extremely well, refined observation shows 
that each member of the Balmer series is not a simple line but 
has a very narrow structure. Each line is complex, exhibiting 
what is called Bj fine structure.'"'' The explanation of the 
origin of this fine structure is related to the explanation of the 
complex series found in all hydrogen-like spectra. Sommerfeld 
succeeded pi accounting for both phenomena by postulating 
the existence of elliptical orbits in addition to the circular 
orbits propr>sed by Bohr. 

Elliptic orbits 

An electron in an elliptic orbit has two degrees of freedom. 
When represented in polar co-ordinates these are r , the distance 
of the electron from the nucleus, and the azimuthal angle B. 
Each degree of freedom muMbe quantised employing a separate 
quantum condition. Bohr’s quantisation of the angular 
momentum in a circular orbit was shown by Wilson and 
Sommerfeld to be a special case of a more generalised expression 
for quantisation which is 

^pdq=nh. 

hi tills /) is a momentum and q the corresponding position co- 
ordinate. Thus for a Bohr circular orbit the integral carried 
over a complete revolution gives 

■ ■ jf*2wf 

j mv.dx^nk 
■ ^ ^ 

■'i.c. mvr=nhl2iT. 

This is Bohr’s condition of quantisation, 

■ For an elliptical orbit,/ each variable obeys ' the 
Sommerfeld relationship, therefore 

IpodB^hh 
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and pr a-re the angnlar and radial momenta. ' Two new 
quantum/ nnmbers, k and nr, have appeared replacing the 
previous one, By integrating over a complete revolution , 
it can be proved that 

where e is the eccentricity of an ellipse with semi major and 
minor axes a and h respectively. Since both the quantum 
numbers k and Ur are integral, the sum n=k~{-nr can have 
values 1, 2, 3, . . . The quantity n is called the total quantum 
number of the electron. It follows that only a certain number 
of possible orbits exist, namely, those in which the ratio of the 
major to the minor axis is the ratio of two whoh numbers. 

The evaluation of the total energy of an electron in an 
elliptical orbit by the method of Bohr shows that 

E = — 

which/is identical in value with that for a circular Bohr orbit 
with radius equal to a, the semi major axis of the ellipse. As 
far as this approximation is concerned, therefore, circular and 
elliptical orbits with the same n value have the same energy 
and therefore wdll not be distinguishable. Actually this is not 
exactly the case. 

From the expression for the eccentricity of the ellipses given 
above, it will be seen that when n==^k the path is circular since 
€ is equal' to zero. The quantum number k can itself never 
equal zero since the ellipse then degenerates into a straight 
line passing through the nucleus. Clearly for a given value 
of can take on possible different values. There 

are therefore n types of ellipse, the orbits becoming more 
eccentric the lower the value of (According to this picture 
the angular momentum of the electron in its orbit is /LT/i./27r, 
but detailed analysis has shown that the picture is not entirely 
correct : it is preferable to use a quantum number I, 

then the wave mechanics indicates that the orbital angular 
■momentum ’m..\/l(l+l) .hj^rr.) Fig. 8.2 illustrates the type of 
elliptical orbit which the theory allows. 

Although simple theory predicts that all orbits with the same 
major axis will have the same energy, Sommerfeld proved that 
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this is 'not strictly true. An electron in an . elliptic '.orbit 
approacfaes close to the nucleus and acquires a high velocity in 
doing so, the velocity near the nucleus being greater than when 
farther off* The Theory of Relativity shows that when a par- 
ticle increases its velocity its mass also increases. The effect is 
only appreciable at very high speeds but' is sufficient to make 
the energy of the electron in a more elliptic orbit greater than 
that in a less elliptic orbit, even if the major axis remains 
unchanged* Thus of all the orbits with a given n value -that 
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Fig.8.2f 

with 1=0 has associated with it a somewhat greater energy 
than that with Z=l, that with ^=1, a greater energy than, that, 
with 1=2, etc. This will now be applied to the explanation 
of the details of hydrogen-Mke spectra. 

One electron spectra 

As will be discussed in more detail later, the structure of the 
Periodic Table enables us to conclude that the extra-nuclear 
electrons in atoms can be arranged in closed shells. Effectively 
the alkali metals .consist of a nucleus, a number of completely 
filled closed shells and a single otder electron, the optical elmtron. 
The members of the next group of the' Periodic Table: ^h 
two optical electrons, those in the succeeding group lArcc,:etc. 
Sodium ■ can thus be treated- as an atom in which only' one 
electron is involved in the ' production of the spectrum. 

This optical electron can occupy different orbits and when 
in a particular 'orbit it is described' by a amairM which 
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identifies' 'tEe orbit. ;.Wlien the electron is in an ..orbit with 
|s=s:0 it- is caHed an5 electron, when in an orbit with i==:l it is, 
called a p electron^ etc. The particular letters employed arise 
■from earlier ■ empiricar classification {see below). In Table I' 
the smaE letters designate -the .electron, ■ When, the is 
in a certain orbit the atom is then said tc^ be in a corre- 
sponding sMe, indicated by a capital letterv - Here the same 
letter is nsed for the electron designation, and the atomic state, ■ 
buP this only 'occurs in one electron spectra. In -calcium, for 
instance, where there' are two valence electrons, one of these 
may be a p electron, the other a d electron, and the atom may 
be in an W state, . ■ ■ . 


•Table I 


Orbital ' ■angular quantum 
number of electron . 

0 

1 

2- 

3 

4 

6 

8 ... 

Electron designation- .• ' . 

a 

P 

d 

/ 

9 

h 

i , , . 

Atomic state' .... 

S 

P 

D 

F 

Q 

B 

1 . . . 


Orbital designations are also shown in Fig. 8.3. The total 
quantum number n is placed befotethe letter indicating the I 
value of the orbit. An electron in the second orbit with i!=l 
is described as a 2p electron, one in the fifth orbit with I=s=4 is 
a % electron, etc. From what has previously been discussed 
it follows that the lowest possible n value associated with a 
given value of I is always l-f 1. Thus 1^, 2jp, 3d , . . are the 
lowest possible orbits with I values 0, 1, 2, . . , etc. The 
orbits Ijp, 2d, 3/, . . . etc., do not exist. On plotting the 
energies associated with the orbits a diagram like that in 
Fig. 8 . 3 is obtained. Each energy level, which corresponds to 
an orbit, is called a spectral When the electron is in 

a particular orbit the atom is said to be in an atomic state 
wMch. has the same notation aS’.the term. 

. Transitions can take place . between specified terms, , and 
when the electron moves from one term' to another, the atom' 
radiates a single quanty^m, which, is ; one line of 'the spectrum. 
The complex spectrum usuaEy. observed represents line ■transi- 
tions from a large number of ato^ since one transition means 
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one emission line. For any given value of I the terms run to 
a limit, the “ series limit,” such a group of terms being called 
a sequence. 

The well known sodium yellow line was formerly described 
as IS— 2P, since it was treated as a transition from an upper 
2P level to a Idwer IS level. Both theory and observation 
show that the number of possible transitions is limited by a 
“ selection 'principle,” that is to say, only selected transitions 
can take place. Transitions are only possible between two 



terms whose I values differ ±1. This is usually written as 

= In accordance with this rule transitions can take 
place between any S and any P term, for example, or any P 
and any D term, but not between an S and an S term (for then 
Al={i) or an S and a D term (J(=2), etc. It is clear that 
series similar to the Balmer series can arise by the transitions 
from all the terms in a sequence to one term in another sequence. 
Clearly, for example, IS— mP represents a series, if m has the 
values 2, 3, 4, ... etc. 

Historically certain sqries were found and named before the 
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advent of the quantum theory of spectra. In sodium , these 
.were , 

Sharp series . ' . . 2 P— mS 

Principal series IS—mP' ' 

Diffuse series . ........ 2P—- mD' 

Fundamental series 3D— mF 

The names were adopted mainly because of the appearance of 
the lines. The letters s, p, d, /, are the first letters of the 
names of the series. The above notation is a short form of 
writing down the term energies, since we know that the 
frequency of a line is given by the difference of two terms as 
in the Balmer series. Observation, in fact, shows that all 
series are built up in the same manner out of terms of the form 
E /%^2 in which R is Rydberg’s constant, but^ in the general 
case, is not necessarily integral. Each term can also be 
written as R/(ri — where n is integral and p is less than 
one. This quantity, p, the qimntum defect^ represents the 
deviation from a whole number and is found to be practically 
constant for all terms in a sequence. The value of ^ differs from 
sequence to sequence, diminishing with diminishing ellipticity. 
It is very small in / orbits (which have i!=3), hence the latter 
give terms closely similar to hydrogen terms. For this reason 
these were called fundamental,” but we now know that there 
is no special significance to be attached to them. The total 
quantum numbers in these transition descriptions are not the 
same as those now generally employed. The abbve were 
purely empirical and are now usually replaced by the true 
quantum numbers shown in Fig. 8.4. The empirical descrip- 
tion has however persisted in some publications, the quantum 
number adopted being based upon the “ effective ” number in 
the Rydberg sequence. 

: The spinniBg electron 

Although the recognition of the existence of elliptical orbits 
with different I values succeeded in accounting, in a general 
manner, for the term combinations observed, the 
.structure of spectra (sometimes called the fine structure) finds 
no explanation without the introduction of further electronie 
properties. Thus it has been known for many years that the 
yellow sodium line, and the remaining members of the whole 
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of its series, are close doublets. Close triplets are found for 
series members in magnesinin, and as one moves to the ■ right- 
of the Periodic Table the members of series become more and 
more complex. The heavier the atom the greater isf he wave- 
length separation of these ■ mnltiplets. For instance the 
doublet components' of the -sodium yellow line are only 6 ang- 
stroms apart, whilst the visible mercury triplet extends over 
1,400 angstroms. The name fine structure is clearly not 
applicable .to the heavier atoms so that '' multiplet structure 
is to be preferred. 

Since the quantum numbers n - and I ■ fail' to account for 
multiplet structure, Goudsmit and Uhlenbeck in 1026 .put 
forward ikm theory of electron spin. According to this every 
electron has a spin of {Ij2)(hj2n), Clearly a spinning electron 
must have a magnetic moment and as the orbital rotation of 
an electron also produces a magnetic moment these two will 
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interact. The, spin angular momentum, denoted, by,; the 
quantum number 5 (5=|} can , ' combine vectorially with the 
orbital angular momentum f to form a resultant denoted by 
the quantum number j, which thus represents the total angular 
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monieutam of the electron. The vector addition is nsnally 
shown the addition being quantteed. 

Consider now the effect of electron spin upon the S, P, D, 
and P terms of sodium. The S terms each have an I value of 
zero and as s=^, j must be equal to^|. The j' value is always 
indicated by a suffix, the term now being described as Sj, 
The P terms each have Z— 1, hence the vector addition of s 
and Z produces when the vectors oppose each other, and 
y =3/2 when they act paralM, What was previously treated as 
a single P term is now seen to split up into two ZeccZs, since the 
energies of the electron orbits differ m the two cases. The 
two terms are described as Pyg and Ps/a respectively. In liJke 
manner D3/2, I^s/a F5/2, Pr/a terms arise from the interaction 
between electron spin - and orbital angular momenta for t) 
and P levels. Apart from the S term, which alone remains 
single because I =0, every term is double. The terms are therefore 
called doublets . This is mdicated 
by a superscript 2 written to the 
left of the term, e.g. ®Pi/2, 

^P3/2> ®D3/2> ^I^6/2» etc. 

When account is taken of 
the electron spin the transition 
3S—3P (the yeEow line) becomes 
the doublet shown in Pig. 8.4. 

A selection principle also operates * 

.in the multiplet term transitions 
such that dy=il or 0 {bvi the 
transition 0-»-0 is forbidden). 

The operation of the selection 
rule makes, for example, 3P— 3D 
have three constituent lines, since 
the transition dy=| ->| is not 
permitted- The three lines are 
still said to form a doublet 
multiplet since the terms involved have a doublet structure 
(see Pig. 8.5). 


j 



Kg. 8.5 
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Many eleetron speetra 

When an atom possesses a number of valency electrons, the 
multiplicity becomes more complex. Each' of these electrons 
has its own particular I value and also a spin of f. In different 
cases the spin and orbital momenta can combine differently. 
It' is possible for the I and s of each electron to combine to 
give ay value for each. They values then combine to form a 
total resultant J which represents the total angular momentum 
of all the valency electrons. {In the vector notation capital 
letters are used to represemt resultant vector sums for ike whole, 
atom, small letters referring to individual electrons.) This ty^pe 
of vector coupling is called jj coupling. In an alternative 
arrangement the I values of all the electrons unite to form a 
resultant L and the s values unite to a resultant S. Then, as 
before, we have J=L±S. When there are a number of 
valency electrons, S can have more than one value for a given 
L since the individual s values can combine in various ways. 
This leads to more than one multiplicity. The manner in 
which this arises will be made clear by a consideration of a 
two-electron spectrum such as calcium. 

With two valency electrons S can have tHe value 0 or 1 
according to whether the two electron spins oppose or assist 
each other. In the first case, when S=0, J is, in every term, 
equal to L, the result being that all the terms mb single valued^ 
e.gf. ^So, W 2 , etc. The multiplicity (1) is written to 
the left, as in the case of the doublets, and it will be noticed 
that the J value is in each case the same as the L value. 

When S=1 each term (other than the S terms which are 
always single) becomes triple. For example, a P term has, L= 1 
and as S =1 these two vectors can combine to give the quantum 
numbers 0, 1, 2 for J. The possible terms areihen /^Po, '^Pi, 
^Pg. ;■ In Him manner a D term with L==2 gives resultant J 
values 1, 2, -3 when combining with S==L The' triplet ■ I) 
terms are thus All the remaining terms , of thC' 

spectrum split up into triplets. It is easy to sliow 'that 'the 
multiplicity is in every case 2S + 1 . When S we have 
singlets, when S== I* we have doublets, triplets when ;S== 
quartetS' when "8=3/2, etc. ' An atom possessing, for example, 
seven d electrons in the outer shell can have 'S values up' to 
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7/2 leading : to octet multiplicity. , More complex multiplicities 
also exist. 

The iiiter¥al and intensity rales 

The levels constituting a multiplet in many cases are found 
lo obey fairly accurately a rule called the Landi interval rule. 
This states that the interval in frequency between two terms 
with total angular momenta J+l and J respectively is pro- 
portional to J + l- Take the case of a multiplet, the terms 
in which are jn this, the levels are spaced so 

that the frequency -intervals between them are in the ratio 
3 : 2. A multiplet with ^D7/2, ^05/2, ^1)3/2, ^Di/2 terms 
would exhibit interval ratios of 7:5:3. There are many 
deviations from the interval rule but these 9an be accounted 
for. They usually occur when the electron coupling is neither 
completely of the jj type or the LS type, but is intermediate 
between these two extremes. 

The line transitions forming a multiplet are generally of 
different intensities. It can be shown both theoretically and 
experimentally that the sum of the intensities of all the lines 
coming to, or starting from, any given J term of a multiplet 
is proportional to 2J-fl. Applying this, for example, to the 
two members of the yellow sodium doublet 32Si/2-~32Pi/2 and 
3 ^Si/ 2— 32P3/2, shows that the intensity ratio of the two lines 
should be 1: 2. This is indeed the case as confirmed by 
observation. 

The Pauli exelusion principle. 

One of the most outstanding successes of the spectroscopic 
approach to the study of atomic structure is the maimer in 
which the Periodic Table of the elements can be accounted 
for. It has already been pointed out that an electron requires 
the quantum numbers Z, s, and j to define its orbit . There 
are other ways of looking at this. If the emitting atoms are 
maintained in a moderately strong magnetic field each single 
spectrum line splits up into a small group of lines usually 
symmetrically spaced. This is the Zeeman effect which has 
been known for many years. Each term is found to split up 
magnetic levels. Physically this means that in a 
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magnetic field the vector j can only take up distinct quantised 
directions with reference to the external magnetic field which 
is being applied. It must be concluded that a further quantum 
number is required. This is called the magnetic quantum 
numhet m and clearly exists theoretically even if there is no 
magnetic field, r 

Suppose we consider a single electron only with its I and a ' 
values combining to form a resultant j. The external magnetic 
field can be increased until it is so strong that the magnetic 
coupling between I and a is broken, since the latter are coupled 
magnetically. There is then no resultant j and we now have 
instead of m the magnetic quantum numbers mj and m, which 
are respectively the projections of I and $ in the direction of 
the magnetic field. When this takes place a Pmchen-Back 
effect is said to have set in (after the discoverers). An electron 
can therefore more precisely be defined by the quantum 
numbers n, I, s, mi, m*, for the magnetic quantum numbers 
are possible properties even when there is no field. Since for 
every electron the spin, s=|, is the same, it follows that any 
electron can be distinguished by the four quantum numbers n, I, 
mi, m, that it wovM possess if it were in a strong magnetic field. 

The possible four quantum numbers which an electron can 
acquire are governed by a fundamentally important rule, the 
Pauli Exclusion Principle. This states that no two dectrons 
in an atom can have the same four quantum numbers n, I, mi, m,. 
When this principle is applied numerically to the electrons in 
atoms two important deductions can be made. Firstly, as a 
result of this limitation, it can be shown that in an atomic 
electron configuration there can be no more than 2 m 2 electrons 
with the same quantum number n. Secondly, it can be proved 
that for any given n value there can only be 2{2l-{-l) electrons 
with any particular value of 1. These two deductions account 
completely for the form of the Periodic Table in the following 
manner. 

The Periodic Table 

Consider first all the possible elecfarons with m=1 that can 
exist in an atom. Since the maximum possible number is 2n^ 
there can only be two. It is clear also that I must be zero for 
both of these electrons. There are therefore two possible Is 
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electrons, md no :athdrs • with n^l. All the electrons which 
have the' same total qhantnm' number n are said to belong to 
a shell, the:shells being lettered K, L, M,-N, etc., for:w=:i,; 2, 
3, 4, etc, ; The completed first shell, the K shell, consists then- 
of two' l<s electrons. 

For the second or X shell, the total quan|um Aumber is 
so that the shell can contain up to eight electrons (2w^==:8), 
The second rule shows that this shell can contain no more .than 
' two*25 electrons and no more than six 2p electrons {2{2I+1)«6 
when 1=1}. As a result of the second rule sab-groups form 
within each shelly all the electrons within a sub-group having the. 
same n and I values. These groups, first classified by Stoner, 
are shown in Table II for the K, L, M, N shells. All the 
electrons belonging to a sub-group are called “ equivalent 
electronSy^ and it is usual to denote the Wmber of such 
electrons in an atom by an index. Two Is electrons are 
written as 2p electrons as 2p^, seven 4/ electrons as 

4/7, etc. 

Table II 

Shell ...... K L M N 

n ...... . 1 2 3 4 

Possible electrons ... 2s 2p 3« 3p 3d 4s 4p 4d 4/ 

Maximum of electrons . 2 2 6 2 6 10 2 6 10 14 

Total ■2n« 2 '8 18 , 32 : 

The structure of the Periodic Table will now be considered 
in the light, of the possible numbers of electrons in the sub- 
groups. The fimdamental assumption made is that the number 
of dectrons in an atom equals the atomic number, i.e. the 
numerical position of the atom in the Periodic Table, starting 
with hydrogen as the first atom. The chemical properties of 
an atom are completely determined by the number of outer 
electrons which in turn is fixed by the nuclear charge. Auy 
atomic electron structure is formed by the addition of a single 
electron to the electronic structure (or dedronic configuration, 
as it is often called) characteristic of the preceding atom in 
the Periodic Table. The quantum numbers chosen for the 
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added electron are such as to place this electron -mto the moat 
tightly bound state possible, reducing thereby the potential 
energy of the atom to a minimum, "The atom is said to be in 
its normal state when the potential energy is a minimum. 

Starting with' hydrogen, which has one extra-nuclear ■ 
electron, it is cjlear from Table II that this electron in . the 
normal state occupies a 1^ orbit. (It can occupy any of the” 
higher orbits when the atom is excited.) 

Helium has two electrons, both of which can go into Is 
orbits. Bj doing this the potential energy is at a minimum. 
The configuration of normal helium is then thus the K shell 
is closed. A hew period should therefore begin again with 
lithium, as indeed it does. 

The third electron required for the formation of the lithium 
atom goes into a^2s orbit (to keep the potential energy again 
a minimum), so that.the configuration for this atom is 2^. 

Berylium, the next atom in the Periodic Table, has the 
configuration 2s^. The K shell is therefore completed and 
the s electron sub-group of the L shell is also filled. 

The next atom is boron, and as the 2^ sub-group is now 
filled the added fifth electron must go into a 2p orbit so that 
the electron configuration becomes 2s^ 2p. So the process 
continues until at neon the whole of the L shell is completed and 
a new period begins at sodium with a configuration which is 
Is^ 2s^ 2p^ 3s, the 3^ electron being the single valency or 
optical electron. In Table III the configurations of the first 
nineteen atoms are shown. This can be continued until all 
the Periodic Table is completely accounted for. 

It will be noticed that at helium, neon, and argon the K, 
L, M shells are completed respectively (strictly, with argon 
only the first two sub-groups of the M shell are completed) and 
after each a new period begins, exactly as required by chemical 
data. The completion of a shell means chemical inertness, 
since valency is really determinedly the degree of incompletion 
of the outer shell. 

Not only are the cAcmical properties of the atoms completely ' 
accounted for, but this arrangement of sub-groups explains all 
the observed spectra of the elements. Take for example the- 
alkali metals.' The Table shows that each' has 'dosed shells 
and a single outer electron occupying thC' 2s, 3a, 4s,: etc., orbits 
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for iitMiami, sodium, potassium, etc. All have the' same 
valency, all should have similar chemical properties, and 'all 
should have similar doublet spectra, as is the case, ' 

It is also clear that if an atom is ionised its spectrum should 
resemble that of the atom directly preceding it in the Table.' 
This is invariably the case and has been verified for a large 
number of atoms. 

Theory shows that the 4^ orbit is more tightly bound than 
the M orbit. As a result of this, when potassium is reached 
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the nineteenth electron goes into a 4s rather than into a Zd 
orbit. This accounts for anomalies in the spectra of the 
elements following argon. 

Hyperfine struetoe and nuclear spin 
When' ' individual spectrum lines are examined with very 
■ high resolving power *it is found, that many of them exhibit a 
very close complex structure. This is now caUed hypeffim 
structure,'' The name fine structure”' has also been used, 
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though the ongin of the effect is quite distinct firom that of the 
“fine structure ” of the Balmer lines. It can be proved that 
the hyperfine structures are always dm ei£her U> ifie eodsience of 
different isotopes in an element or else to the fact that the atomic 
nwlei themselves have a spin. The study of hyperfine structure 
has recently to important information about the internal 
constitution of atomic nuclei. We shall consider briefly the 
effect of a nuclear spin upon spectrum lines. 

Since nuclei are positively charged a spinning nucleus will 
have a magnetic moment. The spin of the nucleus must be 
quantised and can be represented by a quantum number I, 
the nuclear spin (the nuclear angular momentum) is therefore 
lhj2iT. Investigation proves that all the atoms with odd 
atomic weight have half integral values of I, ranging from | 
to 9/2. It is fairly certain that atoms with mass numbers which 
are multiples of 4 have zero nuclear spin, but the remaining 
even atomic weight isotopes need not necessarily have a zero 
spin. 

The magnetic moment of a spinning nucleus couples with 
the magnetic moment of the optical electrons which the latter 
have in virtue of their total angular momentum J. The inter- 
action between the nuclear and electronic magnetic moments 
takes place in a quantised maimer. The final result of this is 
that what was previously considered to be a single spectro- 
scopic term splits up into a group of hyperfine structure levds. 
Owing to the relatively large nuclear mass, the nuclear magnetic 
moment is very much less than the electronic magnetic moment 
so that the splitting of the term due to nuclear magnetic 
moment is very small, hence the name hyperfine structure. 
It is apparent that what was formerly treated as a single line 
transition between two terms now becomes a small-scale 
multiplet since each term has a multiplet structure. The 
following particularly simple case will illustrate what takes 
place. 

It can be shown that the nuclear spin I of arsenic is 3/2. 
Ckmsider the effect of this upon the arsenic line Sa®Pi— 

For any term the spin couples with the total angular momentum 
J to form a set of hyperfine structure levels with quantum 
numbers F such that F=I-f- J. This is strictly analogous to 
the formation of an ordinary multiplet as represented by 
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• J sssL +S . The lower 5sWi term has J ?= 1, which caa combine 
with 1=3/2- to give three F values, namely, F=l/2, F=3/2, 
F==5/2. TMpositwnsoftheleveUinahypeffinestfuctnremulUpM 
r are such that the Landd interval rule is obeyed. ' The upper term 

j 5|?^P0 has J equal to zero, hence F is single valued and. equal 

I to I. A selection rnle operates, namely, ZlF=9,' ±1 {with the 

I transition 0“>0 excluded). Hence the complete hyperfine 

; structure of the line under consideration, taking _ account of 

intensities which in this case are proportional to 2F + 1 for 
each lower level, is as shown in Fig. 8.6. ■ 


F 



Fig. 8.6 


An actual photograph of this hjrperfine structure is shown 
in Plate IIb which is a reproduction of successive orders' of 
the triplet hyperfine structure as given with a Fabry-Perot 
interferometer. The repeating order ■ is marked in Mack.' 
The' whole pattern is about 0*1 angstrom wide so that it is; 
quite clear that very sharp lines and very high resolving power , 
are needed for the study of hyperfine structure. 

■ Isotope effeete. 

The presence of a number of . isotopes in an element can 
have different effects upon the hyperS.ne structures. 'The first. 
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influence of isotopes is the simple mass effect already diBcnssed 
for the - case of ionised helium. The slightly different masses 
of the isotopes lead to different Rydberg constants for' each ; 
as a result of this the series -lines of each isotope are displaced 
slightly from each other. This effect has been observed only 
■in the very light elements. For example, when the red neon 
lines are examined with high resolving power each is found to 
consist of two components with relative intensities 9 : 1 ., 
These correspond to the neon isotopes 20 and 22 whose abund- 
ance ratio is 9 : 1. In effect, the isotope, hyperfine structure 
is able to show the existence of isotopes in the same way as 
the mass spectrograph. 

When an element {e.g. platinum) has both even and odd 
isotopes the former are unlikely to exhibit hyperfine structure 
due to nuclear tspin since this is almost entirely a property of 
atoms with odd atomic weight. On the other hand, the odd 
isotope has a spin and therefore a hyperfine structure. As a 
result, a pattern due to the old isotope appears and at the 
optical centre of gravity of this we should expect a strong 
additional line representing the contribution of tlie even 
isotopes. However, in heavy atoms like platinum, mercury, 
etc., it is often found that the even isotope lines do not all fall 
exactly together at the optical centre of gravity of the pattern 
of the odd isotope, but are slightly displaced from each other. 
It is probable that this is due to different nuclear volumes for 
different isotopes. The study of isotope displacements leads 
to knowledge concerning the relative volumes of the nuclei of 
isotopes. 

Recently it has been found that certain hyperflne structures 
fail to obey the interval rule and it has been proved that this 
arises through the particular nucleus involved not being 
spherically symmetrical. It is therefore evident that the study 
of hyperfine structure is of great value since from it informa- 
tion is derived about {!) nuclear spins, (2) nuclear magnetic 
moments, (3) nuclear volumes, (4) nuclear symmetry, {B).isotope 
abundance ratios. 
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CHAPTER 9 


X-BAYS AND THEIR PROPERTIES 
Th© productioii of X-rays 

In 1895 ROntgen discovered X-rays, which are generated 
when a beam of fasib cathode rays strikes a solid target. The 
major portion of the kinetic energy of the electrons is dis- 
sipated in the form of heat, the remaining small fraction pro- 
ducing X-rays which are electromagnetic * waves of short 
wavelength. The nature of the emitted X-radiation depends 
upon the voltage applied across the cathode ray discharge 
tube, the amount of residual gas present, and the constitution 
of the solid target which is struck by the rays. The latter, 
called the anti-cathode, is usually a massive metal electrode 
suitably placed to receive a concentrated beam of fast electrons. 
The raiation from an anti-cathode is usually mixed, consisting 
of a continuous or ‘‘ white radiation ’’ upon which is super- 
posed a line spectrum containing relatively few lines. 

The earlier types of discharge tube were low-pressure gas 
discharge tubes, containing only a trace of gas, and upon 
applying a high potential across this, a stream of cathode rays 
resulted. This was directed on to an anti-cathode which then 
radiated. The voltage which can be maintained across such a 
tub© depends in a critical manner upon the gas press ure, a 
factor which is very variable when the pressure is low. It was 
difficult with such a tube to maintain constant both the 
quality and the intensity of the X-radiation for any reasonable 
period of time. This created difficulties in measuring the 
effects due to the radiation. The introduction of the Coolidge 
tube overcame most of these troubles (see Fig. 9.1). 

The distinction between this and the earlier tube is , that 
here the vacuum is so extremely hard that even the application 
of a potential difference of 100,000 volts will not cause a 
current to pass. The' source of the electrons is a heated 

' loi 




change of filament or anti-cathode. Since the anti-cathode 
becomes pitted after long usage, some tubes have a special 
device whereby the anti-cathode can be slowly rotated to 
reduce the effective time that any point is exposed to bombard- 
ment. 


The form of the emission curve 
Although X-rays are electromagnetic waves capable of 
producing interference and diffraction effects, lie wavelengths 
encountered are so much shorter than that of ordinary light 
that an optical grating used in the normal manner is not suit- 
able for studying X-rays. As will be shown in detail in the 
next chapter the atoms in crystals are arranged in a regular 
order and are sufBioiently close to each other to enable one to 
use a crystal as a diffraction grating for X-rays. By the use 
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of this method, introduced and developed by ' Bragg, X-ray 
wavelengths can be accurately measured. 

The Bragg X-ray spectrometer is illustrated in Fig. 1. 2. 
The X-rays from a tube are collimated into a narrow beam by 
the slits Si and S 2 cut in lead plates, and then pass on to the 
crystal C which' acts as a diffraction grating.* The angular 
position of C is read by means of a vernier. After di.ffraction 
the rays, enter an ionisation chamber D, filled with methyl 
iodide which strongly absorbs X-rays. The electrometer E 



records the intensity of the ionisation in D. As will be shown 
later the wavelength can be derived from the angle of diffrac- 
tion and a knowledge of the structure of the crystal. In 
addition to measuring wavelength, the ionisation spectrometer 
also measures the intensity for any particular wavelength. ^ 
When a plot is made of the intensity of X-ray emission 
against the wavelength, curves similar to that in Fig. 0.3 are 
obtained. ■ This particular curve, represents the emission from 
a target consisting of , rhodium. The three curves correspond 
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to the emission observed when 23, 32, and 40 kilovolts respec- 
tively, are applied to a tube of the CooMdge t 3 rpe. In each 
case there is a continuous spectrum beginning at a definite 
wavelength which depends only upon the applied voltage. 
When 23 kilovolts are used there is a continuous emission, 
but with higher fpotentials a line spectrum emerges. The lines 



Fig. 9.3 

are characteristic of the metal constituting the anti-cathode. 

The two main peaks in the intensity distribution are called 
the K-lines of the X-ray spectrum of the anti-cathode material. 
The E-radiation of every element consists of two lines (each 
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of which is actually complex). In addition ^ to this, each 
element emits softer radiation (i.e. longer wavelength radia- 
tion), the L-rays, consisting .of three complex lines Ly, 

and still softer emission, M, N, etc. 

Moseley's law ■ ^ 

In 1913 Moseley discovered an important law relating X-ray 
spectra with atomic number. He was led to enunciate this 


K Sines 



Atomic number 
Fig. 9.4 


law after examining the X-ray spectra of a large number of 
elements. He found a simple relationship between the 
frequency of the K lines of an element and its atomic number 
N. The latter is the numerical position the element occupies 
in the Periodic Table. On plotting the square root of the 
frequency of the K lines against atomic number, for the 
and lines, respectively, curves are obtained wliieh are 
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nearly straight lines. The results obtained by Moseley' are 
shown in Fig. 9.4. The and Kp lines are each double. 

The wave numbers of the lines are given almost exactly 
by the relationship , ' 

f=(3/4)R(N~-1)2 

■where it is the Mydberg constant of optical spectroscopy. This 
formula can be rewritten 

f=R(N-~1)2(1/12^1/22). 

Clearly this expression is simply that for the Lyman series of 
a hydrogen-like atom with nuclear charge (N—1). In plotting 



the members of the K series, jumps occurred at various places 
where elements were missing in the Periodic Table. Many of 
these missing elements have now been found and identified by 
means of their X-ray spectra. Fig. 9.5, given by Moseley, 
shows that nickel follows cobalt. This is in accordance with 
chemical properties, although the atomic weight of cobalt 
exceeds that of nickel. It was clear, in fact, that the atomic 
nuclear charge is more important than the atomic weight, a 
conclusion confirmed later by the discovery of isotopic 
constitution. 

Moseley concluded from his investigations: that:' the relation-' 
ship between N and r definitely proves' the : ■existence in the 
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atom , of a fundamental quantity which increases by regular 
steps up the Periodic Table. This quantity can only be the 
positive charge on the nucleus. , 

The X~ray spectra originate in the inner closed electronic 
shells of atoms and do not therefore exhibit the periodic effects 
characteristic of optical spectra^ such as alternating multiplicities, 
etc. They are very much simpler than optical spectra, which, 
with many valent atoms, are highly complex. This is clear 
from Pigs. 9 . 4 and 9.5. The striking simplicity and similarity 
of the spectra of the difierent atoms is quite apparent. 

Energy levels and X-ray spectra 
Since X-ray lines obey a law strictly analogous to that 
governing optical spectra, they must arise from electron transi- 
tions between two terms. The critical energy required to 
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excite the K lines is Just that needed to eject an electron from 
the innermost K shell. The vacant space left behind is filled 
by an electron falling into it from a higher orbit. As in the 
optical case, the electron transition results in the emission of 
a quantum ' of radiation, a K line. In like manner ; the L 
spectrum is excited when one of the electrons belonging to the 
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completed L shell' is ejected,- and so on. It' is cleat that a 
definite amount of energy _ (greater than hv) must be absorbed' 
by an atom before the K-radiation of frequency v is emitted. 

Detailed investigation shows that the K level is single, the 
L level triple, the M level quintet, etc. The multiplicities of ' 
these levels explain fully the complex structures of the indi- 
vidual Ka, K^, etc., lines. As an example of the levels found 
Mg. 9.6 illustrates the K, L, M, N energy levels for X-rays for 
uranium. The different levels are lettered K|, L|, Ln, 
etc., the n, I, / values for each being shown to the right. The 
usual selection rules of optical spectra apply, reducing the 
complexity of the individual compound lines. The vertical, 
lines show the K and L line tra7isitions. 

The eontinuous X-ray spectrum 

The above discussion has been concerned with the charac- 
teristic line spectrum of the anti-cathode. The properties of 



the hmkgTonnd contmuom spectrmn mx) quite different. As 
the potential across, an X-ray tube is^ reduced, the K-radiation 
weakens, : d^ is less than that 
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critical value giving the incident electrons an energy equal to 
the ionisation energy for the K shell. The continuum, how- 
ever, is still emitted. From Pig. 9.3 it can be seen that the 
intensity drops to zero on the short* w^avelength side. This 
takes place at a limiting frequency given by eY =^'hvm where' 
V is the potential applied across the tube. Although all the 
incident electrons have energy Ve there is a continuous emission 
degrading down to the, long wavelength side instead of a single 
strong line of frequency because only very few of the 
electrons give up the whole of their energy at a single impact 
with one of the target atoms. Most of them require repeated 
atomic collisions before finally stopping, leading thus to a 
regular increase in wavelength. The effect of the alteration 
of the applied potential V upon the continuous emission alone 
is shown in Pig. 9.7. The total amount of Ihis “ white radia- 
tion ” depends upon the nature of the anti-cathode, being 
approximately proportional to the atomic weight of the 
cathode material. 


X-ray absorption 

. Like many optical spectra, X-ray spectra are often more 
easily studied in absorption than in emission. A beam of 
X-rays is weakened when passed through matter, a fraction 
being scattered away from the beam, and a fraction being 
absorbed in the photo-electric act of ejecting electrons from 
atoms. The scattering effect is only an appreciable fraction of 
the whole when the atomic weight of the absorbing material is 
small and the wavelength of the X-rays short. With mono- 
chromatic radiation, the intensity of a beam Iq is reduced to 
I after passing through a thickness of material t so that 
l=lQexp{—^t), p being called the linear absorption coefficient. 
As the absorption of X-rays depends upon the mass of the 
absorber this is usually rewritten as I=Ioerr|)( — /xw/p) where 
pIp is defined as the mass absorption coefficient, m{ =pt) being 
the mass per square centimetre of the absorbing screen.'. The/ 
coefficient /x/p can be divided into two parts /x/p ==<j/p + T/p, a/p 
being the scattering coefficient (usually quite small) and r/p 



160 . INTEODUCTION TO ATOMIC PHYSICS 

the transformation coefficient, so called, since, it is a measure 
of the amoii,nt .of radiation absorbed by transformation into 
■photo -electrons. 

The absorption by a screen increases rapidly with the wave- 
length of the radiation and with the atomic number of the 
absorber. It Is found that the basic variation is represented 
by an expression of the type 

where A and N are the atomic weight and atomic number of 
the absorbing screen material, C being a constant. The 
quantity is the gra,in atomic absorptio,n coefficient. How- . 
ever, the above law is not obeyed in a simple manner, as is 
evident from the absorption curve shown in Pig. 9.8. 



The complexities of the actual case are explained by the 
fact that photo-electric absorption takes place in^ all , electron 
shells of the absorbing material and because:' different shells 
are;' characterised , by different values ' of the 'absorption , energy. ' 
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Before an L electron can be ejected the quantum energy must 
exceed the appropriate absorption energy, that is the wave- 
length must be below a critical value. Similarly the wave- 
length must be lower still before a K electron can be ejected. 
The complete .curve of }Xa against X is therefore obtained by 
superposing curves, each with an approximate form, but 
each cut off at a characteristic critical value of A. At these 
values of A suddenly falls (as A increases) and the appearance 
of K; L, M . . . absorption edges follows. 

The frequency of each absorption edge is a measure of the 
energy required to lift an electron from the corresponding 
X-ray level to the periphery of the atom, hence the difference 
in the frequency of two absorption edges gives the frequency 
difference between the two X-ray levels involved. By this 
means the term structure constituting an X-ray spectrum can 
be built up. 


The Compton effect 

X-rays can be scattered by matter in two quite distinct 
ways. In the first, coherent rays are scattered, without any 
wavelength change. This type of scattering leads to diffraction 
effects of which use is made in the crystal grating. The second 
type of scattering is incoherent, the scattered radiation having 
a longer wavelength than that of the incident rays. This is 
called the Compton effect, being first demonstrated and 
explained by Compton in 1922. 

Compton directed a beam of X-rays on to graphite and 
measured the wavelength of both the incident radiation and 
of that scattered in different directions, using a Bragg ionisa- 
tion spectrometer for the purpose. The scattered radiation 
was found to consist largely of the incident radiation but 
associated with this was some radiation with longer wave- 
length. The change in wavelength was found to depend upon 
the angle through which the radiation had been scattered. ■ 

This effect has been explained by Compton by attributing 
momentum ' to the incident quantum of radiation. When such 
a quantum strikes an electron the latter recoils, absorbing some 
of the energy of the radiation. .■ The quantum is thus scatte.red 


6 ' 
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witli reduction, in e.!iergy, leading to an i.ncrease, in '.wavelength. 
Consider what, takes place when a light of energy hv 

.strikes a free electron. Huch a quantum can be shown, to have 
a niojnontuiTi hvjc where c is- the velocity of light. As 'shown 
in Fig. 9.9 the incident quantum., after striking the electron, 
is scattered in this direction (f> with reduced, frequency p' . The 
electron moves off with energy mv^jl i,ii the direction f . 
(Actually the electron mass is m{l—v^jc^)~'^ when the effect of 
increase of iiia.ss due to relativity is taken into account. Since 



the relativity correction cancels in the more exact analysis^ it 
is, neglected here.) ' 

From the conservation of energy we have' 
hv^Jiv 

Alsoj since momentum mi^st be conserved, ' the forwards 
momentum equation is 

AWf==(Av7c)cos^+^t?.cos:'f, A;., . 
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and for the transverse coBiponents 

(hv'jc) sin (f>=:mv silt d. 

When these equations are solved,- the change in , frequency 
p—v which takes place when the radiation is scattered through 
an angle can be evaluated. Converting in|o wavelengths, 
if dX is the wavelength change, it can be shown from the above 
equations that ■ ■ 

dA=(A/mc)(l-~cos 

The numerical value of (h/mc) is 0*024 A, whence 
dA=0*024{l— cos angstrom. 

This shows that the change in wavelength depends upon the 
angle of scatter the maximum possible change being 0*048 A 
which occurs when ^=180®. The measurements made by 
Compton are in complete agreement with the above theory. 

It is to be noted that the mass of the recoil particle is 
involved in the expression for the wavelength shift. The 
above value has been derived for a free electron. Strictly 
speaking there will be a Compton effect when any radiation is 
scattered by any particle. If the latter happens to be an 
electron bound in an atom its effective mass can be anything 
from about 2,000 to about 400,000 times that of a free electron. 
It is not possible to detect the resulting minute wavelength 
shift. 

The refraction of X-rays 

If X-rays are essentially similar to light waves they should 
suffer refraction on entering matter. Optical refraction is a 
consequence of the displacement of firmly bound electrons in 
the direction of a force applied by the incident electromagnetic 
wave, leading to refractive indices greater than unity. In 
X-rays the frequency of the wave is so much greater than that 
of light waves, that in all cases it exceeds the natural frequency 
of vibration of the electrons in matter. As a result, the 
electron displacements due to the radiation are opposite in 
direction to that of the force exerted, leading to a refractive 
index than unity. This result is perhaps best seen with 
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the aid of Sellmeier’s generalised formula for refractive index, 
ft, which is 

1 

In this expression ns is the number of electrons per unit volume, 
each with characteristic frequency ps, e and m are the electronic 
charge and mass, N the number of different kinds of electron 
(Le. differently bound electrons), and v the frequency of ihe 
incident light wave. 

Clearly if vyps then /x must be less than unity. Further- 
more, if F> > Ps we have approximately 

ft = 1 ’—ne^j27rmv-. 



Refht.Ud 


Refraoi&d 

Direct 


Although this formula was originally derived classically, wave 
mecliaiiics methods prove that it . is still valid. Since v is 
very high with X-rays, the refractive indices given by the 
above' expression are only slightly less than unity. . , For example 
when the calculation is made, by substituting for a ' wave- 
length of 0*7;A, calcite, is found to have a refractive ■ index 
ft=: 1 — 1.84x10“®. The very 'small difference between the 
refractive index of air and that of solids makes the^ measure- 
ment of the latter very difficult. Detection' of deviation by a 
solid prism is mot ' easy , but has been achieved by Siegbahn, 
Larsson, and Waller with the arrangement shown in^ Fig.: 9 . 10. 
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The X-ray beam, falling at almost grazing incidence npon a ' 
quartz prism, suffers both refraction and reflection, as illus- 
trated. The refractive index of the prism can be ■ calculated 
from the positions of the images. 

• Mefleetion and interference of X-rays 

Since for X-rays the refractive indices of metals are less 
than one, it is clear that at a suitable angle it is possible to 
produce total reflection, for the air is the dense medium and 
the metal the less dense medium. There will therefore be 
total external reflection, exactly analogous to the total internal 
reflection of optics. The critical glancing angle for total 
reflection can be shown to be 0=V2(1~“^). Compton first 
observed total reflection in 1923. X-rays of wavelength 
1*28 A were totally reflected from a glass mirror, the critical 
angle being small. Below this glancing angle 90 per cent, of 
the incident radiation is reflected. 

The fact that so large a fraction of the incident beam suffers 
reflection at small angles, implies that within this limited 
angular range X-rays should exhibit interference phenomena 
similar to those observed optically. A ruled grating is in fact 
found to exhibit diffraction spectra, providing the angles of 
incidence and diffraction are close to grazing. Under such con- 
ditions, not only are the X-rays reflected, but also the number 
of effective lines per centimetre on the grating is considerably 
increased. Siegbahn has developed a special technique for 
the measurement of X-ray wavelengths with the aid of ruled 
gratings. Wavelengths can now be measured accurately both 
by crystal gratings and by mechanically ruled gratings, con- 
stituting thereby an important check upon the values derived 
for the spacings of atoms in crystals. 

In addition to diffraction effects, direct interference Ga,n he 
demonstrated. Larsson, in 1929, obtained diffraction patterns 
with a slit 6/i, wide, repeating well-known optical phenomena. 
Linnik has succeeded in obtaining direct interference fringes 
with a Lloyds mirror arrangement. Thin film interference 
fringes have been obtained by Kuhlenkampf in the following 
manner : A thin nickel film 1,400 A thick is deposited upon 
glass. X-rays are directed on to this at an angle slightly 
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exceeding the critical angle for nickel. A part of the radiation 
is reflected from the nickel-air interface and part penetrates 
and is reflected from the nickel-glass interface. These two 
beams unite, producing fringes which can be seen. 

There is now a complete bridge between the properties of 
X-rays and of light, since the former show all the characteristic 
interference effects to be expected from electromagnetic waves 
with short wavelengths. 
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CHAPTER 10 


THE STRUCTURES OP CRYSTALS 

Introduction 

The regular geometrical form of a crystal implies the occur- 
rence of regular atomic or molecular arrangements in three 
dimensions. An atomic unit of pattern, the unit ceil, is 
repeated and the crystal thus built up. A crystal will there- 
fore possess an inherent periodic structure, *the apparent form 
of which depends upon the direction of observation. In 1912 
it occurred to von Laue that such an arrangement of atoms is 
essentially a- three-dimensional grating and should therefore be 
able to produce diffraction effects with X-rays. This novel 
idea opened up an entirely new field of study and from its 
development both X-ray wavelength measurement and the 
study of crystal analysis evolved. At that time, existing ruled 
gratings were too coarse to be employed with X-rays. 

• Shortly after von Laue’s discovery of the diffraction of 
X-rays by a crystal, W. L. Bragg showed how the structure of 
a crystal could be ascertained by using an elegant simplifica- 
tion of von Laue’s method, and largely because of the work of 
this investigator a vast new field in the physics of solid bodies 
has been developed. The studies of crystal structure inaugu- 
rated by W. L. Bragg have both great scientific and great 
technical importance. An incidental development has led to 
high precision X-ray spectroscopy. It is clear that the con- 
clusions to be drawn from an exhaustive study of matter in the 
solid state are of fundamental scientific importance. The 
technical applications to engineering, chemistry, biology, 
textiles, etc., cover a very wide and rapidly growing field. 
Observers quickly found that the detailed study of , complex 
crystals is difficult, a fact leading to highly specialised tech- 
niques. We shall review here 'only the general principles as 
applied to the cases.; 

167 ; 
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Crystal lattices mi crystal planes 
For many years crystallographers ha¥e classified, crystals 
according to tlieir external symmetry characteristics revealed by 
the angular relations between the crystal faces. Thirty-two 
classes were distinguished and named, each representing one of 
the possible geometric configurations of the centres, axes, and 
planes of symmetry which can exist. When the existence of 
these external symmetry requirements is combined with the 
assumption of an internal structure based upon a repetition of 
identical unit cells, one is led to a description of 230 possible 
space groups or ways of grouping symmetry elements. A 


C 



Fig. 10-1 


knowledge of the theory of space groups Is essential to the 
analysis of the structures of complex crystals. 

'The three-dimensional unit cell upon which any crystal struc- 
ture is based is defined by the lengths of its edges, b, e, and 
the angles between them. A typical cell is shown in Fig. 10. 1, 
the, three directions OA, OB, OC being called the axes of the 
crystal, ' The corners of the cell are lattice points, each' point 
being occupied by an atom or molecule or group, of iiioleciiles. 
'It; will be seen shortl}^ that w’hat is of importance in the X-ra}" 
study of crystals is the situation of crystal planes^ that is, 
planes containing large concentratiom of atoms. .' Any such 
■plane is identified with respect to the crystal axes by a group 
uf three numbers known as the Millerian indices' (ft, ft, I) of the 
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plane in question. Such a plane makes intercepts on the 
axes ft, c proportional to bjk^ cjl, A two-dimensional 
model will make this clear. 

Let the pattern in Pig. 10,2 represent a two-dimensional 
crystal built up by repetition of the unit cell of lattice points 
A, 0, B, D, the lengths of the cell sides being a and h. Since 
we are -dealing with a model in two dimensions instead of three 
we consider crystal rows instead of crystal planes. In the 
unit cell the corners only are occupied by atoms or molecular 
groups. Consider, for example, the row lying on the line LM. 
The intercepts of the line on the X and Y axes of the pattern, 


Y Q 



Fig. 10.2 

OM and OL, are simple integral multiples of the lengths a 
and b. The Millerian indices for this row are the reciprocals 
of these integral values reduced to their lowest terms. Thus 
in this case the lengths OM and OL are both the same number 
of integral multiples of the units a and b and the row is 
described as a (11) row. The same designation clearly 
applies to any parallel, row, e.g. NR. 

Another example' is represented by^ the row PQ. In 'this 
case the X intercept is one-fifth that of the Y intercept (in 
terms of the respective ufiits and b) and is negative, hence 
the row 'notation is (51). A minus sign is: placed above the 5 
as the row slopes in a different sense. By the same reasoning 
rows parallel , to the, Y axis are called (1 0) for then the Y 
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iiitercef)t is infinite, and rows parallel to. the.X axis are termed 
( 0 , 1 ).. ' 

Oe extending the ^W70“dimensioiia.l. iiiodel to three dimensions 
it is clear that all crystal planes can' be described by three 
Miller indices {h, k, I). An example is illustrated in Pig. 10.3 
in which the unit cell is a simple cube. The nomenclature for. 
all planes parallel to the diagonal plane ABC is (1 1 1). That 
for planes parallel to the diagonal plane AGFB is (1 10), since 
the intercepts are equal upon the x and y axes and infinite on 
the z axis. As further examples may be quoted the planes 


C F 



parallel to OAGC which. are (010), those parallel to ADEG 
which are (1 0 0), etc. 

It may be noted that there' are' three possible forms of cubic 
lattice leading to different concentrations of atoms in special 
planes. : These three types -are the simple cube (aboYe) with 
:'an atom (or molecule) at each corner, the body' centred cube 
with an additbrial, single atom.. at the cube,, centre., .and the, 
face-centred cube which is the simple cubic lattice, ' plus an 
atom at the centre of each of the six faces. ' 

X.-ray diffraetioi by crystals .: 

,Laue was the first to.-realise that the close, ordered array,, of 
the atoms in a natural crystal would act as a ditfraction grating' 
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to X-rays if the latter were electromagnetic waves. In 1912 
Lane, Friedrich, and Knipping passed a narrow pencil of 
X-rays through a crystal of zinc blende (ZnS) and then on to 
a photographic plate. The latter was found to exhibit, an' 
intense central image surrounded with a pattern of spots due 
to beams which had suffered deviation from the direct ray. 
Lane proved that the observed pattern could only have 
resulted from diffraction by a cubic arrangement of scattering 
centres. This experiment was of fundamental importance for 
it demonstrated conclusively that X-rays were short electro- 
magnetic waves of w^avelength some thousands of times smaller 
than light waves. A typical Laue photograph is shown in 
Plate IIIa. The Laue spots are only developed if the incident 
X-ray beam consists of ‘‘ white radiation,” i.e. is effectively a 
continuous band of wavelengths, as in the Case of white light. 
The mathematical anal^^^sis of the positions of the spots is in 
general very complex. 

A very elegant simplification in procedure was introduced 
by W. L. Bragg. In this treatment Bragg considers the X-rays 
to be effectively “ reflected ''from each crystal plane, according 
to the following, mechanism. Suppose a beam of X-rays, this 
time monochromatic, not “ white,” passes through a crystal. 
Each atom scatters a very small fraction of the incident wave 
and in effect each becomes an emitter of secondary wa velets in 
a manner precisely analogous to that of the elements of the 
wave front in the Huygens construction for the propagation 
of light waves. The scattered wavelets will reinforce in any 
given direction if they are in phase. Now all the scattered 
wavelets from the atoms in one plane will necessarily be in 
phase in that direction which bears to the direction of incidence 
of the X-rays the same relation as the direction of reflection 
bears to the direction of incidence when light falls on a plane 
surface. If, then, the radiation scattered from planes parallel 
to the plane under consideration also reinforces the contribu- 
tion from that plane, in the direction in question, great 
intensity of scattering will result. 

Consider parallel radiation, incident at glancing angle 
reflected at the sarpe angle from successive planes P|, P 2 , 
w^hich are distant d apart. The retardation between the tw’-o 
beams is 2rf sin If sin where n is an integer, there 
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will be reinforcement for wavelength A in the direction 6 and in 
all other directions there will be destructive interference. This 
equation,- known as Bragg’s law, is the fundamental basis of 
crystal analysis. Assuming A to be known, then measurement 
of B gives d which is the spacing between the parallel crystal 
planes. By routing the crystal to produce reflection from 
different sets of planes the shape and volume of the unit cell 



Fig. 10.4 

can be derived. If the density of the crystal is also known, 
then from the volume of the unit cell it is possible to evaluate 
the number of atoms of various kinds in the cell. 

Experimental methods of crystal analysis 
(a) The Laue. method . — ^The “white” radiation method of 
Laue is more difficult to apply and less powerful than methods 
using monochromatic radiation and the application of Bragg’s 
law. It will therefore be briefly examined only. The observed 
spots have the following origin. With a fixed crystal and a 
fixed direction of incidence the various crystal planes con- 
stitute in effect a number of reflecting mirrors inclined at 
different angles to the incident beam. The emergent beam 
exhibits reinforcement only in the directions B given by Bragg’s 
equation. The angle is fixed for each plane, but when the 
incident radiation is white the appropriate wavelength for a 
particular angle is selected and reinforced. The result is the 
production of spots of reinforcement which exhibit clearly the 
basic symmetry of the crystal when this is suitably orientated 
with respect to the direction of incidence of the X-rays. 

The interpretation of the Laue pattern is more difficult than 
the interpretation of the experimental data obtained by other 
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methods which use monochromatic radiation, (frequently the 
K doublet of molybdenum, two lines with wavelengths 0-7120 
and 0-7076 A). We shall deal with these other methods now. 

(b) The ionisation spectrometer method. — ^This method was 
developed by W. H. and W. L. Bragg for measuring reflections 
from crystal planes. The method is of historiqiil interest since 
by it the first X-ray wavelengths were measured and the first 
crystal analyses made. The details were given in the chapter 
dealing with X-rays. 

The crystal is successively turned through small regular 
increments, the detector being rotated through twice this angle. 
The particular plane involved in producing the reflection is 
deduced from the angular setting of the crystal and the 
direction of incidence. 

Compared with photographic methods the ionisation spectro- 
meter is laborious and slow, but it has the great advantage 
over these of giving accurate quantitative measurements of the 
intensities of the reflected beams without the intermediate use of 
microphotometers which always introduce errors. A know- 
ledge of the relative intensities of reflections from different 
planes is necessary for complete analysis. 

(c) The rotation-photograph method. — In this method, due to 
Schiebold and Polanyi, a small crystal is rocked or rotated 
slowly about a vertical axis by a clockwork motor. A narrow 
X-ray beam is directed horizontally on to the crystal, the 
diffracted beams being detected by a photographic film bent 
into a cylinder with the axis of rotation as the cylinder axis. 
The method is particularly suited to small crystals with linear 
dimensions of the order of 1 mm. The diffracted beams lead 
to small spots or lines upon the film, for as the crystal rotates 
successive planes are brought to the correct angle for reflection. 
The resulting photographs are similar to that shown in Plate 
IIIb. Successive horizontal (layer lines) are produced 
when an important zone axis of the crystal is parallel to the 
axis of rotation. For example, if it is the c axis of the crystal 
that is parallel to the rotation axis, these represent reflections 
from the planes [hk 0), (hkl), (hk 2), etc., for the respective 
: successive layer lines. ' From- the distances between the layer 
lines the space -lattice can be derived., : 
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{d) The powder-photograph method— The powder method 
was devised independently by Debye and Scherrer and by 
Hull. In it the X-ray beam is allowed to fall iipon a tube 
containing the crystal in a powdered form. The individual 
small crystals are oriented at random and amongst these are 
always some at l^e correct orientation for producing reflection 
from a given {h k 1) plane. Clearly such crystals may. have 
the angle correct in all directions around the direction of 
incidence so that the beams diffracted by a given {hkl) pfene 
lie upon the surface of a cone. A ring is therefore produced 
upon a photographic plate which is set perpendicular to the 
incident beam. The concentric rings observed come respec- 
tively from different planes. 

In practice it is found convenient to surround the tube 
containing the powder with a cylindrical film which thus 
records beams diffracted up to nearly 180®. On opening up 
such a film the picture obtained is similar to that shown in 
Plate IIIc. The curvature of the trace on the film changes as 
the angle of diffraction passes through 90®, hence circles of 
increasing radius of curvature appear as the diffraction ap- 
proaches 90®, at which point straight lines are observed. The 
sign of the curvature then changes. For sharp lines it is 
necessary to have a fine powder, and a hair covered with fine 
crystals is often used. Since 

nX^2d8m9 

then Ad,smd+dcoB6.A6=0, 

ix. AdjAd^—tdjn, 6jd. 

As the angle of incidence B approaches 90®, AdjM becomes 
very great so that small variations in rf produce large variations 
in 0. This leads to high resolution, and slight differences 
in the lattice distance d can readily be detected for the 
rays reflected back nearly through 180®. Such small vari- 
ations are of great significance in the study of metallic alloy 
■crystals. 

The powder method is widely applicable since my 
crystalline matter can be examined no matter how small the 
individual crystals may be. ..Furthermore,; when crystal 
mixtures are studied each type of crystal records its own lines, 
and as these can usually be recognised it is possible to make 
estimates of the relative concentrations : of the different. 
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materials. The interpretation of the photographs is, however, 
difficult and so far only the simpler forms of crystal symmetry 
have been studied by this method. 

It will be seen, therefore, that the different experimental 
methods which' have been devised are best' -suited to -different 
types of crystal. For a large single crystal the rotation 
method is most suitable since (apart from the fact that the 
estimated intensities are only approximate) a few photographs 
give ‘all the information needed. The Bragg spectrometer 
method is laborious, but is precise and gives all the data 
accurately. It is used for large crystals when other methods 
fail to give the accuracy required. When the material to be 
studied is either finely divided or has a microcry stailine struc- 
ture only the powder method can be employed. The Laue 
method has very limited applications. 

The structures of KCl and NaCl crystals 

In this section the structures which have been derived for 
sylvine (JC.C1) and rock salt (NaCl) will be discussed. These 
were the first crystal structures to be analysed by X-ray 
methods. Both cr 3 ^stals have cubic symmetry. Fig. 10.5 
shows the ionisation spectrometer measurements made with 
the two crystals for the planes (100), (110), (111) using the 
radiation from a palladium tube. Two peaks appear in 
successive orders for each of the planes, due to and 
radiations. 

Consider first the curves obtained with KCl. The peaks 
for the (100) face occur at glancing angles whose sines are in 
the ratio 1:2:3. They therefore represent the equation 
wA=2cisin 0 for values of n=l, 2, 3, i.e. they are successive 
orders. Comparing now the angles at which the first order 
peak appears for the (100), (110), (111) planes respectively, we 
find the following. From Bragg’s law d <x 1/sin 0 so that com- 
parison of the values of 0 in the three cases gives the ratios of 
the spacings of the three planes. From the observations it is 
fbund,:that , , 

lA^(iO0) * ^ : A/3* 

From Fig. 10.3 it is seen that these ratios arise from a simple 
cubic lattice structure of linear side d, since in such a unit cell 



176, INTEODITCTION TO. ATOMIC PHYSICS 

the (lOO) planes are d apart, the plane (110) is distant .V2.rf/2 
from the point 0, which contains the next (110)- plane, and 
the ( 111 ) spacing is V3,cZ/3. : ■ 

Thus from the KCl measurements it was concluded that the 
crystal has a cubic structure, but no information was available 
as to the natui<^ of the constituents at the lattice corners,^ 
i.e. are they molecules of KCl or ions of K and Cl alternately ? 
The answer to this was given by the observations made on’ 



NaCL ' It is seen from Fig. 10.5 (111) that this crystal exhibits 
a reflection near to 2 ^,=:p 10'" as well as that near ; to ,20°. (In 
the curves the intensity is plotted against 2^.) The /latter is: 
the peak corresponding to the first order of (111) in KCl. It is 
clear that the weak peaks near 10° are the tme first order, and 
the value of the angle for this leads to 2d/'\/3 for the d(iii) 
spacing' instead of the value djV^ in the KCl crystal. ■ Bragg 
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showed that the only way of explaining this was, by assuming 
the lattice points to be occupied by ions and not by 'molecules. 
The intensity of scattered X-radiation is roughly propor- 
tional to the square of the atomic number of a scattering atom, 
and as the atomic numbers of potassium and chlorine are 
respectively 19 and 17 both scatter to approximately the 
same extent. The result of this is that the lattice appears to 
have identical diffracting centres at all the comers. , In the 
case* of NaCl the atomic numbers are 11 and 17, leading to a 
marked difference in the scattering from the different con- 
stituent atoms. On referring to Fig. 10.6 it can be seen that 
the vertical planes ( 100 ) contain equal numbers of Na and Cl 
ions, successive planes being identical. The same is true also 
for the (110) planes. But consider the case of the (111) planes 
and it will be seen that they consist of alterrlate parallel layers 
of Na ions and Cl ions. The spacing between a pair of parallel 
planes is djVz but what is measured is the true grating spacing, 
that between identical planes, i.e. 2djV^. 

The relative weakness of the first order of the (111) spectrum 
comes about because the planes of the Na ions are exactly half- 
way between those of the Cl ions with the result that the rays 
reflected by the two are exactly out of phase and thus only the 
difference in amplitude between them is recorded. For the 
second order there will be reinforcement, as is clear by 
substituting in the Bragg formula. . 

The observed intensities are therefore completely accounted 
for by adopting the structure shown in Fig. 10.6, with alternate 
ions at the lattice corners instead of molecules. This structure 
can alternatively be viewed as built up out of interlocking 
face-centred cubic lattices of like atoms. Having determined 
the form of the structure W. H. Bragg and W. L. Bragg were 
able to decide upon the actual scale dimensions of the unit cell 
and also to evaluate the wavelength of the X-rays used. 

The mass of each small cubic cell is dV where d is the length 
of the side and p the density of the crystal. Each small cube 
effectively contains (for rock salt) half a sodium atom and half a 
chlorine atom, for there are eight atoms, one at each corner, but 
each of these is shared amongst eight cubic cells. Effectively 
the mass in each cell is half the molecular weight. Thus 
d3p==M/2'' where M is weight: of the NaCl molecule. This 
is (23-f 35-5) times the weight of the hydrogen atom, and as 
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the latter is known to be 1*65 x 10“^^ gm.j c? can be found when 
the value. for p (2*17) is inserted into the above expression. 
Substitution gives d=2*814xl0~^ cm. For the first order 
refiection' A~2d sin d and on inserting the observed value of 0 
the wavelength found for the radiation is A— 0*586 X 10~^ cm., 
i.e. 0*586 A. This , determination of wavelength for palladium 
radiation was the first wavelength measurement to be made in 
X-ray work. 
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By using the same radiation, the wavelength of which was 
now known, W. L. Bragg and co-workers undertook the deter- 
mination of the spacings in more complex crystals. Con- 
versely having evaluated accurately the spacing for rock salt, 
this crystal could now be used for the measurement of the 
wavelength of any other X-radiation. 

More complex crystals 

The NaCl structure may be considered as arising from the 
interpenetration of two face-centred cubic lattices, one of the 
lattices being displaced sideways (or upwards) by half its 
length. This is the simplest form of displacement possible. 
The case of zinc blende (ZnS) is a more complex variant of 
this. It is found that the Zn atoms all lie in one face-centred 
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cubic system and the S atoms in another. The lattices , are, 
however,' displaced in the manner exhibited in Pig. 10.7. 
^The key to the determination of the position of the' two sets 
of' lattices is given by the relative intensities of the reflected 
spectra. Each S atom' is at the centre of one of the' .small 
cubes. Each Zn atom is tetrahedrally surrounded by four S 
atoms and vice versa. ' ^ 

The diamond crystal has the same type of structure form 
as that , of zinc blende but the atoms are identical in the two 



Fig. 10.7 

displaced face-centred cubic systems. Each carbon atom of 
the one System is surrounded tetrahedrally by four carbon 
ato'ms of the other system. . ■ 

In still more complex cases the interlocking systems are not 
symmetrically displaced. Por example, in PeS 2 ^be S atoms 
are al situated one-quarter of the distance along the diagonal 
of a cubic element of Pe, not at the centre (see Pig. 10.7). 

A knowledge of the intensities of the various orders from 
the selected planes is of the greatest value, being decisive in 
establishing the structures; of the mor^ complex , crystals; ' : It 
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has therefore been found essential to examine; in more detail 
the dependence of the intensity upon both the atomic number 
of a scatterer and upon the direction of scattering. 

Factors affecting the intensity 

. Observation shows that the amplitude of X-radiation 
scattered by am atom is not directly proportional to the atomic 
number {i.e. the number of outer electrons) in a simple manner. 
The simple proportionality only holds at small scattering 
angles. The amount scattered falls off with increasing angle, 
the rate of fall, for a given wavelength, being greater with 
lighter atoms than with the heavier, since with the lighter 
atoms the average distance between the scattering electrons is 
greater. 

According to classical electromagnetic theory, when a plane- 
polarised wave of amplitude A passes over and sets in vibration 
a free electron, the latter scatters a portion of the wave whose 
amplitude distant r from the electron in the plane of polarisa- 
tion is {Ae^jrmc^). An atom of atomic number Z contains Z 
outer electrons, and if each is assumed to scatter in accordance 
with the above expression, independent of its position, the 
resultant for the atom is Z times the above. As 6, the angle 
of scattering, increases the waves from different electrons 
become out of phase, the resulting interference reducing the 
resultant amplitude in the above case to /. Ae^/rmc^ where f 
depends upon ^ and is only equal to Z when the angle is small. 
This / falls off as $ increases. It is known as the atomic 
scattering factor. 

When the scattering problem is treated from the viewpoint 
of wave mechanics analogous results are obtained, but with 
greater precision. Curves showing the relationship between 
/ and 6 can be constructed theoretically and are found to fit 
observations made upon the percentage of radiation scattered 
in different directions. Such / curves are used for calculating 
the intensities to be expected from different crystal planes. 

Representation as a Fourier series 

A strikingly elegant development in analytical technique 
has been introduced by W. H. Bragg. In this the relation 
between the periodic distribution of the scattering matter and 
the resulting X-ray diffraction can be expressed by regarding 
the crystal structure as represented by a 
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Fourier series. Every measurement of an X-ray reflection is 
treated as a measiirement of the corresponding, Fourier com- 
ponent in the crystal structure. ' The X-ray measurements 
give the intensities (but not the phases) of the diffracted beams. 
Instead of adjusting the positions of atoms by tria,i and error 
in order to account for observed intensities, the^ intensities of 
the reflections from different planes are observed and from 
these the electron density throughout the crystal is calculated. 

The electron density distribution is calculated by Fourier 
analysis methods and when completed automatically shows 
up centres of atoms as concentrates of electrical density. The 
different types of atoms can be recognised by the degree of 
electrical concentration, which depends upon the atomic 
number. Such analyses are usually very difficult to carry out, 
but when results can be obtained they are very elegant, since 
a true contour picture of the electron distribution within the 
crystal is then obtained. The final analysis appears graphically 
in the form of a contour map, contour lines crowding in at 
high electron densities. In some analyses carried out with 
organic compounds molecular arrangements such as the 
hexagonal benzene ring appear clearly in the final diagram of 
the crystal structure. 

It should be noticed that in treating complex crystals it is 
often found convenient to group together acid radicles (e,g, 
SO4) and treat them effectively as units relative to the metallic 
components. In many organic crystals the whole organic 
molecule appears as the unit building .stone of the crystal 
structure, since within the molecule the individual atoms are 
relatively much more tightly bound. This characteristic leads 
to a marked difference in the mode of approach to analysis of 
organic as compared with non -organic crystals. The positions 
of the molecules as structure elements can be found by the 
methods already described, but the location of individual atoms 
is extremely difficult. This is due partly to the complexity of 
the structures and partly to the fact that the amplitudes of 
scattering from the frequently met atoms of carbon, oxygen, 
and nitrogen are so similar that it is extremely difficult to 
distinguish one from the other. To this must be added the 
fact that hydrogen, which chemically is of such profound 
importance, by virtue of possessing only one electron, scatters 
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SO Mule that, in general, its effects are not observediai all. It will 
be clear that organic crystals present serious difficulties. 

Interatoinie fcrees 

The results obtained from crystal analysis have greatly 
influenced the gheniical theory of the solid state. The analysis 
shows whether in any particular case the aggregate consists of 
ions or complete molecules. Correspondingly the forces 
operating to hold together the constituent components ^of a 
molecular crystal are divided into two kinds, and we speak 
pictorially of heteropolur a>nd homopolar ho7ids. We shall deal 
first with the heteropolar bond, sometimes called the ionic bond. 

The crystal of NaCl represents a typical heteropolar case. 
In this, the electrostatic attraction between oppositely charged 
adjacent ions is^the main binding force in the crystal. The 
molecule completely ionised even in the solid state, the act of 
solution leading, not to the production of ionisation, as was 
previously thought, but merely to the destruction of the lattice. 
The sodium atom has a single valent optical electron which is 
relatively loosely bound and the chlorine atom has an outer M 
shell which is incomplete, one electron being missing. Since 
an atom with an incomplete shell has a strong electron affinity 
the chlorine takes over the loose valency electron of the sodium 
with the resulting formation of the ions Na+ and Cl”, the radius 
of the Na+ atom being less than that of the Ch atom. Although 
the ions attract each other strongly they are prevented from 
failing into one another by the operation of strong repulsive 
forces which are only considerable when the ions approach 
each other to within a certain close distance. (This conception 
is quite reasonable, for when the total electrical complex repre- 
senting one atom begins to penetrate into that representing 
the other a force of repulsion may be expected. As an analogy 
consider two oppositely charged balls attracting each other. 
They will come into contact and when they touch and compress 
each other a repulsive force, in this case elastic, will begin to 
be set up until the equilibrium position is established.) 

The result of the equilibrium between attractive and repul- 
sive forces is effectively to give the ion a radius (equivalent to 
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the radius of the ball in the abo¥e analogy). The distance 
between the two ions, Na"’- and Cl'^' is then the sum of the 
effective radii. Extensive observation shows that the ionic 
radius, for a given elenient retains its approximate numerical 
individuality when the .element is in different chemical com- 
binations. In a similar manner the ionic radius characteristic 
of a complex ion such as NH4'^ or 003““ also retains its approxi- 
mate numerical value in different compounds. This fact is 
very ’helpful when an attempt is being made to analyse , a 
crystal which contains elements or radicles for which the ionic 
radii have already been established. 

In the above Jonic bond, which is typical for inorganic 
crystals, the distance between the constituent atoms is auch 
that each retains its individuality and can, be regarded as a 
separate entity. In contradistinction to this in the .homo- 
polar, or valency, bond, the atoms are so close that their 
electron systerm overlap into each other. As' a result, of this 
some of the electrons are in effect shared by both systemsy and 
this sharing of common electrons leads to the bonding. The 
simplest' of such types of valency bond is' the formation of the 
hychrogen molecule from two' identical hydrogen atoms. The 
two atoms approach until the .electron of each is under the 
mutual electrical fields of both the nuclei. This situation only 
arises when the' approach is very close,, much closer than that 
required 'to' set up an ionic bond. This electron sharipg' is 
equivalent ■ to the exchange, of electrons,; and it is considered 
that : a , rapid interchange is taking place. ' The bonds of this 
type are therefore described in', terms of '' exchange forces.'' 
They are specific in direction and are restricted to the number 
of unpaired : electrons. This latter fact explains the simple 
integral rules of valency. : 

The crystal straetures of, metals 

■ The study of metallic structures is a very wide field, for all 
,metals;are crystalline and since large numbers , of alloys can be 
produced' great complexity, can, -.result. In metals -a,, special 
third type of bonding is found, -tfee meMKc bond. A shmph 
metal or alloy' crystalline aggregate is a complex built up out 
of positive - metalic ions and free electrons. The arrangement, 
of the positive, :i6ns depends upon the particulp alloy . Metallic 
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crystalliae states result from two opposing tendencies : {a) the 
metallic, character in which the bonds are non»direotionah and 
(6) specific bonding of each atom to certain of its neighbours, 
this being to some extent homopolar in character. 

The first tendency, that of non-directional forces, leads to 
simple packing pf the atoms into regular arrays,' similar to the 
ways of close packing of spheres. The guiding factor in this 
packing is the tendency to take up a mininiuni volume. The 
face-centred cubic and hexagonal close-packed structures' are 
equally tightly packed and another simple structure, the body- 
centred cubic, is only slightly more open. It is possible to fit 
many metallic crystals into these packing schemes, showing 
that the first tendency predominates. 

The structures of alloys are of great theoretical interest and 
practical importahce. The attempt to discuss alloys in terms 
of ordinary chemical concepts breaks down, for the chemical 
composition of an alloy phase often varies within wide limits 
while the physical properties characteristic of the phase remain 
effectively unchanged, and even if the composition of the 
phase lies within fairly narrow limits, the “ ideal ” composition 
may correspond to atomic proportions which are far from 
simple. Alloy structures are best considered as based in the 
first place on patterns of phase sites — e.g. face-centred cubic, 
hexagonal close-packed, etc. — the phase pattern being deter- 
mined for a given alloy partly by the sizes of the various atoms 
which occupy the phase sites, partly by the ratio of the number 
of valency electrons to the number of atoms in the unit cell 
(the Hume-Rothery electron-concentration rule), but hardly at 
all by the purely chemical properties of the atoms. The dis- 
tribution of the atoms in a given phase structure among the 
available sites is determined by the equilibrium between the 
tendency of the structure to assume the most perfectly ordered 
arrangement, for which the potential energy is a minimum, 
and the disturbing influence of thermal agitation which tends 
to produce a completely random {‘‘ disordered ”) arrangement. 
A highly ordered arrangement is called a superlattiee, hut it is 
to be understood that superlattice formation represents a 
refinement on the fundamental idea of the phase pattern which 
largely determines the physical properties of the alloy . 
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ThC' silver-cadmium system may- serve as an example to 
illustrate the general principles stated above.. Pure silver has, 
a face- centred cubic structure. For alloys containing up to 
42 atomic per cent, cadmium, the phase-pattern is face-centred 
cubic, cadmium atoms replacing silver atoms at random, with' 
a corresponding sm.all change in the dimensions of the struc- 
ture ; this single-phase alloy is called a primary solid solutmn. 
Alloys containing between 42 and 50 per cent, cadmium con- 
tain^ two phases, one the primary solid solution (42 per cent., 
cadmium) a phase, the other a new phase-structure 0 ) con- 
taining 50 per cent, cadmium, with a body-centred cubic phase 
pattern and the silver and cadmium atoms arranged in a 
perfect superlattice. This intermediate phase exists only for 
compositions very close to 50 per cent, cadmium — i,e, the 
limits of the phase are very close together— but this is rather 
a special case and should not be regarded as typical of alloy 
systems in general. From 50 to 57 per cent, cadmium the 
alloy consists of a mixture of jS and y phases ; from 57 to 
65 per cent, cadmium the alloy contains only the intermediate 
phase y ; and so on, single-phase and two-phase alloys alter- 
nating, the last alloys being single-phase primary solid solu- 
tions of silver in cadmium, with a phase pattern corresponding 
to that of pure cadmium. 

• A further factor found to influence the packing arrangements 
of the constituents is the ratio of the number of the atoms to the 
valency electrons in a particular compound. This effect was 
discovered by Hume-Rothery. Thus a complex lattice with 
52 participating atoms may be formed when there are in a 
compound 21 valency electrons per 13 atoms. Typical 
examples are AggCdg, CugZng, and CU 9 AI 4 . The ratio of 
valency electrons to the number of atoms has been found to 
be a decisive factor in fixing the structure of a metallic alloy. 

Orgaeie crystals 

The complex nature of most organic molecules has prevented 
important advances in the study of organic crystals by X-ray 
methods. At first little more could be done than the con- 
firmation of structures already derived from stereo-chemistry. 
The fundamental basis of the chemical method of approach 
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depended largely upon the' recognition of the- existence 
of ^ four ■ valency bonds in ■ carbon ■ and upon ■ the classical 
conception of the benzene ring. W. H. Bragg first applied 
X-ray methods to organic crystals and succeeded in obtaining, 
an analysis of the , structures of naphthalene ■ and anthracene 
(two and three linked benzene rings respectively). Later and 
more extended fibservations proved the benzene ring to be’ 
flat, ' the carbon atoms forming a regular' hexagon with sides 
1*41 A long. In this, the three bonds from the carbon atoms 
lie in a plane, inclined at angles of 120"^ to each other. Thus 
not only is the existence of the classical benzene ring confirmed, 
but in addition its dimensions are now known. 

Crystal texture 

The properties ef a crystalline mass depend not only upon 
the atomic arrangements characteristic of the particular type of 
crystal, but also upon the more or less accidental microscopic 
structure, that is, the mosaic structure of microcrystalline 
components out of which such a crystalline mass may be built. 
The microcrystals may be either completely ordered or else 
completely disordered and distributed at random. Further- 
more it frequently happens that a particular crystal is in a 
state of mechanical strain, leading thereby to forms of distor- 
tion. 

The size of the crystalline conglomerate affects the observa- 
tions too. When the crystal particles used in the powder 
method are very small the lines obtained become ill-defined 
and diffuse. From the line widths it is possible to estimate 
the sizes of the individual crystals. Ultimately, if the size of 
the crystalline particles is reduced sufficiently, the crystalline 
structure is replaced by an amorphous structure. However, 
even in such cases certain atomic arrangements are wore 
probable than others and this leads to a form of texture which 
pmdxLceB dijf use diffraction haloes. Such diffraction haloes 
with X-rays can even be observed with liquids and gases. It 
is hardly true to say that the liquids exhibit a crystalline 
structure, but they do in fact u texture of molecular 

arrangements Mid in a sense this is pseudo-crystalline. 

M natural organic fibres are found to diffract X-rays in 
such a manner as to imply the existence of some ordered 
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arrangement even if the arrangement is not to be considered 
as truly crystalline. There exist in these fibres long complex 
molecules which consist of similar molecular groupings repeated 
periodically along the length of the fibre. When a group of 
fibres is oriented so that the individuals are approximately 
parallel a crystal-like pattern results. By this line of approach . 
information .has been derived about the structfires of cellulose 
and rubber fibres. 

The applications of the X-ray technique to the study of the 
solid state are very wide indeed. Compounds which would be 
destroyed by chemical analysis can be studied intact as the 
materia! suffers no change during X-ray examination. It is 
possible to examine and study very minute quantities of 
material, and even if the material is mixed with some other 
type of crystal separation of the two is not necessary. (Clearly 
with minute quantities such separation would frequently be 
impossible.) This avoidance of the necessity for separation is 
often of great practical value. Much light has been thrown 
upon the structures of alloys and upon the chemical constitu- 
tion of many complex compounds. Thus as a typical case, it 
was proved by X-ray analysis that the formula for amphibole, 
supposed to be CaMg3(Si03)4, is in reality (0H)2Ca2Mg5(Si40ii)2. 
Allotropic modifications of crystals can be distinguished by 
the new methods. By measuring the crystal lattice spacings 
accurately it is even possible to measure the thermal coefficients 
of expansion of the crystals and this can be done for very 
small particles when the powder method is employed. 

RKFEREHCE 
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CHAPTER 11 



THE WAVE MECHANICS 

The wavelength of the electron 

Until 1923 the electron was considered to be entirely corpus- 
cular in nature, but in that year de Broglie proposed a new 
theory of the electron which, when fully developed, has had 
remarkable success in explaining certain phenomena. De 
Broglie proposed that a moviyig particle, whatever its nature, has 
wave properties associated with it. Just as- in optics the simple 
ray theory can explain lens properties, etc., but fails to account 
for fine details such as diffraction and interference effects, to 
explain which a wave theory is needed, so also the ordinary 
dynamical corpuscular theory of the electron fails when fine 
details are examined and by analogy a wave theory of the 
electron has been adopted. De Broglie proposed that the 
wavelength X associated with moving particle of mass m 
and velocity is given by X=hlmv where A is Planck’s constant. 

It has already been noticed in connection with emission of 
electricity from surfaces that the electron cannot be treated 
as a simple particle. In the experiments now to be described 
electrons must be considered to have wave properties, since 
they exhibit diffractio7i effects. The apparent contradiction 
between the wave and particle theory will be discussed later 
in more detail. For the moment we shall assume here the 
validity of the de Broglie relationship, for we shall see that 
only by this means can the experiments on electron diffraction 
be accounted for. Prom this equation it is apparent that the 
greater the velocity acquired by an electron the shorter will 
be the wavelength of the associated de Broglie wave. Sub- 
stitution shows that a 150-volt electron^ which has a velocity 
of 7-2 X 10® cm./sec., has a wavelength of 1 angstrom, and 
as the electron velocity is proportional to the square root 
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of the applied voltage, the wavelength for a 15,000-volt 
electron is, for example, 0*1 angstrom. 

The wave properties of electrons were first experimentally 
detected in 1927 by Davisson and Germer who succeeded in. 
measuring the de Broglie wavelength for slow electrons, by 
diffraction methods. • 

The experiments of Davisson and Gemer . 

The apparatus used is shown in a simplified form in Fig. 1 1 . 1 . 
Electrons which have been given a known velocity are sent 
out from an '' electron gun ” which is a device for creating a 
focused strong beam of electrons. These are directed in a 



Fig. 11.1 

high vacuum at an angle on to the surface of a large single 
crystal of nickel. Electrons are “ reflected ” from the crystal 
planes in different .directions, the angular distribution being 
measured with a Faraday cylinder which can rotate on a 
divided circle. The Faraday chamber is surrounded by a 
protecting cylinder to which a retarding potential can be 
applied, and by varying this the energies of the incoming 
electrons can be measured as well as the number. Although 
air the incident electrons strike the crystal with the same 
velocity, those which come away from the crystal contain 
amongst them secondary slow electrons excited by collisions 
with atoms. These can be excluded by making the retarding 
potential nearly equal to that of the incident electron beam. 
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It was found from these observations that th^re is selective 

reflection, depending upon the velocity of the oncoming elec- 
trons. If source and chamber are fixed and the velocity of 
the electrons is gradually increased, the number reaching the 
Faraday cylinder follows the curve shown in Fig. 11.2. This 
selective reflecljon from the crystal is analogous to the r^ection 




Fig. 11.2 (after Hoag: “ Electron Physics ”) 

of X-rays shown by the figure. If the electrons are considered 
to be simple corpuscles, there is no valid reason for expecting 
a higher specific reflectivity to be associated vsdth given 
velocities. However, if it is assumed that the electrons have 
associated waves, with wavelength varying with velocity in 
accordance with the de Broglie expression, then exactly the 
state of affairs which exists when a beam of X-rays of pro- 
gressively changing wavelength impinges on a crystal is repro- 
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duced, with consequent selective reflection according to Bragg's 
law. It is therefore possible to calculate the effective eleotmn 
wavelengths the application of this law. The values so 
found are in complete agreement with those given by the de 
Broglie equation. 

The experiments of 6. P. Thomson * 

The experiments described above, which use slow electrons, 
were foilovred in 1928 by investigations made by G. P. Thomson 
with fast electrons. An entirely different experimental 
method, closely allied to the Debye-Scherrer powder method 
used in crystallographic analysis, is used. It is illustrated in 
Pig. 11.3. The right-hand side is a source of cathode rays 
which can be excited with potentials up to 50,000 volts. 


Screen 

or 

Plate 

n Foil Cathode 





Pump Pump 

Fig. H.3 


By means of a diaphragm tube a fine beam of electrons 
is isolated and allowed to fall upon a very thin gold foil. The 
thickness of the foil is of the order of lO*"® cm. A special 
technique is required to produce such extremely fine films. 
In one method metal is sputtered on to a celluloid acetate 
base, the latter then being removed by immersion in acetone. 

If the electrons are corpuscles, the foil will scatter them 
on to a fluorescent screen so as to form a regular patch, the 
intensity of which will fall off away from the centre. The 
distribution can be observed either directly with the fluorescent 
screen or using a photographic plate. Instead of a continuous 
patch the appearance observed is similar to that shown in Plate 
IIIb in which distinct sharp rings can be seen. These rings 
are closely similar to those found when employing the powder 
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method' for the X-ray analysis of crystals; and have a similar 
origin. The foil consists of a random distribution of minnte 
metallic crystals and those which are jnst at 'the correct angle 
scatter electrons in accordance. with Bragg’s law. The circles 
are therefore due to cones of diffraction, the intersection of a 
cone with the photographic plate producing a circle. The^ 
material of the foil and its state of aggregation decides the 
form of the pattern which is ultimately dependent upon the 
crystal structure of the foil material. Clearly this experiment 
demonstrates in a very striking manner that the incident 
electrons behave as waves, since diffraction patterns can only 
be produced by waves. There remains one possibility to be 
examined, namely, is it possible that the electrons in their 
passage through ^the foil generate secondary X-rays which 
would show diffraction effects on the screen ? Thomson 
eliminated this possibility in a very simple way. When a 
magnet is brought up to the discharge tube the electron beam 
is deflected and with it the complete pattern, proving that the 
latter is due to electron waves and not due to X-rays, which 
would not be deflected. 

From the diffraction rings the wavelength can be easily 
calculated and is found to be independent of the foil material, 
being determined only by the velocity of the electrons. 
Measurement showed that the observed wavelengths are those 
given by the de Broglie equation, to within the 2 per cent, 
experimental error. The phenomenon described above is 
called electron diffraction and has recently become a powerful 
method of crystal analysis. Diffraction patterns can also be 
produced by reflecting electrons from crystal surfaces at small 
angles. As in the case of transmission, the different diffraction 
rings are due to reflections from different crystal planes. 
Surface films and surface crystalline structure can be studied 
by analysing the electron diffraction rings obtained by 
reflection. 


The dualistic nature of matter and waves 

It is clear from the experiments just described that the 
electron at times must be treated as a wave. On the other 
hand, experiments sueff as those in which ejm is measured 
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sliow that the electron must in these cases be considered to be 
0 , ' particle. In 1932 Stern proved that a beam of atoms or': 
molecules, when reflected ” from a crystal snrface, exhibits 
diffraction effects exactly as does a beam of electrons. The 
wavelengths ' of the associated ‘ ^unatter waves ' ' ■ exactly ' fit into 
the de Broglie expression, which therefore holds for ail matter. 
The characteristic wave properties of electrofis must also be 
attributed to all matter, electrons, protons, molecules, etc. 
This fundamental fact leads to a new form of mechanics, 
wave mechanics, ^^ whielci replaces classical dynamics when the 
fine structure details of matter are to be considered. 

The extension of a wave theory to matter has its counter- 
part in the treatment of light waves. Although light un- 
questionably exhibits the well-known phenomena of electro- 
magnetic waves, yet at the same time it has a true particle 
aspect, photons or light quanta having a definite momentum, 
as proved by the existence of the Compton effect. The only 
conclusion that can be reached is that both matter and radiation 
have a dual “ wave-particle ” nature. 

The first attempt to explain this dual nature was made by 
Schroedinger by treating each electron as a wave packet. 
Consider, for example, two sound waves with different wave- 
lengths, but travelling with the same velocity. At certain 
points in the path the amplitudes add up to maxima and 
minima producing beats. These successively move past any 
point with the same velocity as the waves. If we consider 
two sound waves with velocities {i.e. in a dispersive 

medium) the velocity of the maxima and minima is not that 
of the component waves. If a large number of wave trains, 
each with slightly different velocity and wavelength, are com- 
bined together, these can be selected so that the vibrations 
cancel except over a very small region in space, where they 
add up to form what is called a wave packet. Such a packet 
moves forward with a velocity of its own, the group velocity 
The individual waves forming the packet may be considered 
to possess an average velocity, the ‘‘ phase velocity r 

It can be shown that a wave packet must ultimately dissi- 
pate. If the electron is considered to be a wave packet, it is 
necessary to postulate the existence of a '' guiding wave '} fox 
it* Without; such an assumption the wave;:packet theory is 


7 
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untenable. TMs guiding wave is that described by Schroe- 
dinger’s equation, which will be discussed later. 'Physically 
this equation related the amplitude of the guiding wave to 
the probability of finding an electron at a point. If the ampli- 
tude of the guiding wave is at any point zero, there is only 
an infinitesimal probability of finding the electron at that 
point. The mechanical process has associated with it a wave 
process the square of whose amplitude gives a measure of the 
probability of the event taking place at the point considered. 
The value of the amplitude is therefore vanishingly small at 
all points except in the wave packet, hence one can expect to 
find an equivalent particle within the range of the packet and 
thus effectively it travels with the group velocity v. Thus the 
wave packet plus guiding wave have the properties of a particle 
moving with velocity v and also exhibit diffraction and inter- 
ference effects. So the difficulty is resolved. The particle 
and wave properties are strictly complementary. If we devise 
an experiment showing wave properties we are debarred from 
seeing particle properties, and vice versa. An electron cannot 
at the same time behave as a particle and a wave^ it acts as one 
or the other in any experiment that can be devised. 

The wave and particle properties can be equated according 
to the following scheme. 

Wave property — Particle property— 

Wavelength Momentum 

Frequency Energy 

The only link between the two concepts is hy in the de Broglie 
expression. 

Heisenberg’s uneertainty principle 

A principle of far-reaching importance was proposed by 
Heisenberg in 1927. It was arrived at from considerations of 
the dualistic nature of the electron. The very definition of a 
corpuscle implies that at any instant it has a definite momentum 
and occupies a definite position in space. Unless' we can 
simultaneously determine both the momentum and the position 
in space we cannot actually say that a '‘particle” in the 
accepted sense has been observed. Since the electron is some- 
where within the wave packet, moving with group velocity, 
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uncertainty about the defined particle velocity arises/ for the 
group is not infinitely narrow and' has a velocity spread. It. 
is impossible to know where^ within the group, ' the : electron 
actually is. and what is its exact velocity. For a long wave 
packet, with many crests, the position of the electron, is very 
uncertain but the velocity spi^ad is very smal so that the 
particle velocity is fairly accurately known. Ifi a short packet 
the position of the particle is more or less fixed, but as the 
velocity spread of such a packet can be shown to be large, the 
particle velocity is indeterminate. Either the position or the 
velocity can be known accurately, but not both, and one has a 
doubtful value. It can be proved that it is impossible to deter- 
mine simultaneously both the momentum and the position of a 
particle with accuracy. This is shown by the following treatment , 
A wave packet representing a particle has a finite length 
Ax and the extreme ends have a wave number difference Av. 
It can be shown from general wave theory Ax^lJAv, the 
length of the wave packet being inversely proportional to the 
difference in wave numbers of the two ends of the packet. 
Thus Ax. Avr^l. Since we have also X^hlmv^hjp where the 
momentum mv is written as p, then 

p^hv 

differentiating gives 

Aplh=Av 

when, by substitution we get 

Ax,Ap'^h. 

It is clear that dtc represents the uncertainty m determining the 
exact location of the particle within the packet, and as there 
is a range of wave numbers Av m the packet Ap is the uncer- 
tainty in evaluating the momentum. This then is Heisenberg’s 
uncertainty relationship which states that the product of the 
uncertainties in determining position and momentum is approxi- 
mafely equal to PlancFs constant h. 

The more exactly we define the position, i.e. the smaller we 
make da;, the larger becomes Ap and vice versa. The relation- 
ship* shows that it is impossible to measure both the position 
and the momentum accurately simultaneously. Clearly this is 
fundamental since it sets a limit to the possible accuracy of 
observation. The uncertainty arises from the smeared-out 
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properties of wave packets , compared with finite points 
representing the centres of corpuscles. 

No matter what .method is tried it is impossible to avoid 
the": consequences of the uncertainty, relationship. Consider, 
for example, an attempt to observe accurately the position of ' 
a particle with a microscope of extremely high resolving power. 
Optical theory s’kows that the limit of resolution depends upon 
the wavelength of the light employed to view the particle, 
bet us imagine that we can use the shortest available wave- 
lengths, y-rays, achieving by this means the highest possible 
resolution in determining the position of 
the particles. Let v be the frequency of 
tins illuminating radiation, and let the 
particle under observation be an electron. 
From classical optical theory the position 
of the particle is known to within an 
amount Jx where daj^A/sin a, a being the 
angular aperture of the microscope. 

In order to see the electron, the radiation 
reaching the observer must of necessity 
have been first scattered from the electron, 
which, in the scatter process, suffers a 
recoil due to the Compton effect, the 
momentum change being of the order of magnitude kj//c in an 
indeterminate direction. The uncertainty in the direction of 
the scattered light quantum is just the same as the uncertainty 
in the recoil direction of the electron. As the experimental 
conditions are such that the particle is actually seen, the 
quantum of scattered radiation certainly enters the micro- 
scope. The uncertainty therefore in the direction taken by 
the quantum of radiation is equal to the angular aperture 
of the microscope. Thus perpendicular to the axis of the 
instrument the component of momentum is uncertain to the 
amount Jp^(hv/c) sin a, 

Multiplying, we have 

zip . Axr-^ihvjc) sin a . A/sin a 




Gamma ray 

Fig. il.4 


and as 
we get 


Xv—c 
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Thus once again there is no escape from the imcertainty 
relation, and in fact whatever attempt is made, the con- 
clusion is forced upon us that it cannot be overcome. The 
philosophical and scientific implications of Heisenberg’s prin- 
ciple are very wide indeed as it is necessary to abandon the 
law of exact causality in the classical sense. In ^ffect, probability 
takes the place of exactness in physical science. Phenomena 
are to be described only in terms of probability and statistical 
distributions. Events impossible to the classical theory are 
found, when treated by wave mechanics, to have a very small 
but finite probability of taking place. 


The Sehroedinger wave equation 
The guiding wave obeying the Schroedinger wave equation 
has been referred to as necessary to explain the non-dissipation 
of the electron wave packet. In this section the derivation of 
the wave equation will be considered. Schroedinger begins by 
considering the dynamical equation for the propagation of 
elastic waves. Assuming for the moment propagation takes 
place in the x direction only, this is 


W being the wave displacement and c the wave velocity. The 
solution to this equation gives IF as a periodic displacement in 
terms of time, namely, In this, iff is a function of 

X but not of f, and w is equal to 27 rv where v is the frequency. 
On differentiating this twice with respect to x and t we get 


dt^ ~~ 




dU 
dx'^ dx^ 


By substitution in the equation for elastic waves we get 
d^tli . , —w^ , 4 


“ 4--s-i4 =0. 


i.e. 
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Since A == -'== — this can be rewritten 

I'' w 


d^ib 47r^ 


= 0 . 


So far the treatment is general. The wave mechanics concept 
is now introduced by substituting A ^hjmv from the de Broglie 
equation leading to 


dx^ 


4 ^ 2 ^ 2^2 


In this equation i[j is the amplitude of the wave associated with 
the moving particle,- 

If W is the total energy, V the potential energy, and mv^j2 
the kinetic energy of the particle, then m«;2/2=W— V, and if 
this is substituted in the wave equation just derived above 




STT^m 


(W^V)0=O. 


If this is generalised to include wave motion for the x, y, and 
z axes it takes on the form 


V¥+~t(W-V)^-o. 


The Laplaoian, y -V is 

Ttie above relationship is Schroedinger’s wave equation; 


d^tft 


The wave picture of the hydrogen atom 
It is necessary to replace the orbital theory of Bohr by an 
equation of the Schroedinger type in order to arrive at a more 
correct picture of the hydrogen atom. Actually the wave 
mechanics aspect is closely allied to the simpler orbital theory. 
Instead of considering an electron moving in an orbit the 
formula implies that there is a definite probability of finding 
the electron in a given volume dv. This probability is 
where is the complex conjugate of 

The potential energy V for an electron distant r from a 
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nucleus with charge Ze is -—e^z/y and, -making this substitution, 
the Schroedinger equation of such a system becomes 

V2f+^(W+e2Z/r)^=0. 

To solve this expression solutions must satisfy boundary 
conditions such that ^ and its first derivative are everywhere 
single valued, continuous, and finite. Such solutions are called 
'' eigen-functions,^^ the values so found for W being of great 
importance. It is found that the Schroedinger equation can 
only be solved when where n has integral 

values 1, 2, 3, etc. For all other values of n the de Broglie 
waves in the Coulomb field of the nucleus destroy one another by 
interference, « 

The remarkable fact is that these possible energy values 
are exactly the same as those given by BohFs orbital theory. Thus 
the experimentally observed Bohr energy levels are predicted 
from the wave mechanics without the introduction of any of 
the arbitrary assumptions made by Bohr. Furthermore, many 
observations not in accord with the Bohr theory can be 
explained with the aid of the newer theory. To a certain 
extent the Bohr theory can be looked upon as a first approxi- 
mation. More detailed analysis of the equations shows that 
the quantum numbers m and I also appear in eigen-function 
solutions. 

Electrical charge distribution for atomic states 

The quantity \fs^^dv is the probability of finding an electron 
in the volume element dv. When 0^* is plotted as a function 
of r the distance from the nucleus the resulting curve (for the 
hydrogen atom) is that shown in Fig. 11.5a. The electric 
distribution is spherically symmetrical. The probability of 
finding the electron within a given volume element is Urge near 
to the nnicleus and falls off rapidly with increasing r. The electron 
distribution function, defined as JlF=47rr^ifsils^, is shown in 
Fig. 11, 5b. The quantity Ddr is therefore the probability of 
finding the electron in the shell bounded by spheres of radii r 
and r+dr. D is a maximunj at the radial distance r =a where 
a is the radius of the first Bohr orbit. 
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The Bohr orbit is therefore replaced by the electron distri- 
bution function. To a first approximation the electron is 
situated at the Bohr orbital distance but it is not an effective point 
in space. It is to be regarded as being smeared out ” over 



Fig. 11. 5a 

the range of the D curve. The calculated electron distributions 
for the quantum states with Z=0 and 2, 3, are shown in 
Fig. 11.6 (the horizontal scales of the figures are different ; unit 
interval is proportional to n in each case). The vertical line in 
each curve represents the amplitude of the corresponding 



' , ■ . " Fig.;! ' ' 

(purely radial) motion (Ar=0) derived from the dynamical 
theory. Although the D function theoretically extends to 
infinity it will be seen that its value is virtually zero except 
within a radius of the order of magnitude of the major semi-axis 
of the ellipse of the older orbital theory. 

The older theory can only give approximately correct values 
for integrated or average fields, etc., and it is found that the 
values derived from it are in closer agreement with those 
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given by wave mechanics methods if k is replaced by V 1(1+1) 
instead of by (1+1). Even then certain equations require 
modification. For example orbital formulae involving 
when' derived ■ more precisely by wave mechanics methods' 
involve instead the quantity l(l+l){l+l). These modifications 
were actually suggested empirically before being derived 





11-6 

theoretically. The theory has justified the application of these 
empirical changes which were originally adopted to fit observa- 
tion. For descriptive purposes and also for practical applica- 
tion in experimental work, the older model is still of immense 
value, but for the interpretation of very refined observations 
and for the derivation of complex formulae, such as those for 
atomic and nuclear magnetic moments, the wave mechanics 

improvements require to be introduced. 
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Electron distributions for many electron atoms 
. The methods first applied with success to the hydrogen 
spectrum hare now been extended to atoms of higher atomic 
number. Hartree has developed a method ' whereby the 
distribution for an atom with a number of closed shells and 
with outer valency electrons can be deduced. The alkali 
atoms, for example, have one outer valency electron and 
removal of this leaves an alkali ion which has the same closed 
shell structure as a rare gas atom. The total electron pro- 
bability function for a closed group depends only upon f , hence 
alkali ions have a spherically symmetrical distribution. A 
typical result is that shown for in Fig. 11.7. There are 



three maxima in the distribution, and these can be identified 
with the K, L, M shells respectively in the orbital model. 
The wave mechanics analysis thus also leads to a structure 
effectively equivalent to the existence of closed shells. 
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The Ramsauer effect 

On sending a beam of electrons througli a gas, collisions 
with gas atoms take place. These can be divided into two 
kinds : {a) elastic collisions, in which the electrons are merely 
deflected from their paths without loss of energy, and (b) in- 
elastic collisions, in which there is an energy interchange 
between the electron and the atom. The total kinetic energy 
is conserved in the first case, whilst in the second type of 
collision, energy of motion may be, and usually is, converted 
into radiation. Some of the electrons in the incident beam are 
effectively absorbed by colliding with gas atoms, the number 
so removed from the beam defining the cross-section of the 
atoms for the process in question. 

Consider a beam of electrons, with a cross-section of 1 sq, cm., 
entering a given gas. Let A be the effective cross-section of 
each atom of the gas. If there are n atoms per cubic centi- 
metre the total effective absorbing cross-section in a path 
(lx cms. long is nkdx. If the cross-section of the electron 
beam contains N electrons at the point a: in its path, the 
number absorbed, — dN, is equal to Integrating 

this expression gives N==Noea;p(“nAar), Nq being the number, 
of electrbns in the beam at ^=0. This is the ordinary expres- 
sion^ for logarithmic absorption, hence by measuring the 
reduction in the number of electrons in a beam brought about 
by the passage through a thickness of the gas x cms., the 
absorption coefficient, wA, can be determined. The number 
of atoms per cubic centimetre, n, is known from the gas 
pressure, thus the effective atomic cross-section A can be 
derived. Clearly nA is inversely proportional to the mean 
free path of the electrons. Kinetic theory shows that nA=l/A 
where A is the mean free path. On the assumption that both 

20S 
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atoms and electrons are hard spheres, A should be quite inde- 
pendent of the velocity , of the' incident electrons and , equal to 
the value, deduced from ^ifieasurements of viscosity, etc., for 
collisions between molecule and molecule in the same gas. 

The absorption of electrons has been studied by Ramsauer 
with the apparatus shown in Fig. 12.1. A beam of ultrar 
violet light L liberates photo-electrons from the plate Z. 
These are accelerated to the slit by an electric field. A 
magnetic field is applied perpendicular to the plane of. the 
paper, deflecting the electrons into circular paths. The 
system of slits, . . . Bg enables a beam of electrons of 
constant velocity to be selected, since the slits lie upon a 



circle. Aj and A2 are Faraday cages connected to electro- 
meters by El and E2. The apparatus is filled with gas at 
pressures that can be varied. The electrons scattered in the 
path from Bg to B7 are measured by Ei and those passing 
beyond this by E2. Hence Nq is the sum of the currents to 
El and E2 since this is the total beam strength, and the current 
to Eg is N, the intensity of the beam after passing through the 
distance Bg—B7. The slit system keeps away from the 
F araday cages those electrons whose velocities have been 
affected. , by • collisions. 

Ramsauer did not find A to be constant, particularly when 
the rare gases were used as the absorbing atoms. The effective 
cross-section of the atoms was found to depend upon the 
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velocity of the electrons. When the electron , velocities are 
high, 'the observed values approach those caicniated from the 
kinetic theory of gases, but as the. velocities decrease A rises 
to a maximnni and then falls sharply to a value below that 
given by theory. The existence of these anomalously small 
cross-sections prove that atoms are not solid spheres bnt have 
an open structure. ■ 

Elastic scattering of electrons 

The absorption experiments of Bamsaner throw some light 
upon the nature of the gas atoms producing the absorption. 



Fig. 12.2 

When, however, the elastically scattered electrons are studied 
in more detail light is also thrown upon the nature of the 
electron. An electron beam is sent into a rarefied gas {e.g. 
mercury vapour) and only those electrons which have not 
suffered any energy loss at all are selected and studied. The 
angular distribution of the scattered electrons is of particular 
interest. Most of the electrons are scattered through small 
angles, but as the scattering angle increases the number 
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scattered goes tlirotigh maxima and minima. TMs is shown 

in Mg. 12.2. 

The shape of the scattering curve is closely analogous to the 
halo diffraction pattern made by sending a beam of light 
through a suspension of fine particles, or through a fine powder 
spread upon a glass base. These observations confirm that the 
electron has wa^fe properties associated with it, the maxima 
and minima being due to diffraction of electrons. 

Critical potentials / 

We shall now consider what takes place when there are 
indastic collisions between electrons and gas atoms. In such 
collisions the electrons part with some of their energy and this 



Fig.' 12. 3 

does not reappear as kinetic energy of struck atoms but is 
emitted in the form of radiation. Such inelastic processes 
only take place when the electron energy exceeds a certain 
critical value depending upon the gas through which the 
electrons are passing. The experiments of Franck and Hertz 
in 1914 first demonstrated the existence of inelastic collision. 
The method of investigation used by these authors is shown 
in Fig. 12.3. The apparatus contains a trace of the gas to be 
studied. Electrons, generated by the hot filament F, are 
accelerated to a grid G by a potential Vi. A much smaller 
opposing potential Vj is applied between the grid G and a 
plate P. The gas pressure and dimensions are such that the 
distance GP is much less than the mean free path for the 
electrons whilst the distance FG is slightly greater than 
the mean free path. 

As the applied voltage Vi is increased from zero, the current 
reaching P rises, following the curve shown in Pig. 12.4. The 
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first peak, at Toltage V, means that a number of electrons 
with a critical energy m?;^*/2=V6 begin to lose nearly aE of 
this energy by inelastic collision before reaching G. They are 
therefore turned' back from P by the smaE retarding potential 
Vg, the result being that the number recorded faEs after, the 
voltage V instead of increasing steadEy , The electrons at 
first only acqnire , sufficient ' velocity when ttey are already 
close to G, but as .V^ is increased the point at which the 
critical velocity is reached moves back towards F so that 
more and more electrons suffer inelastic collision and the 



current faEs until Vi becomes equal to V+Vg, after which 
there is again an increase. 

Another peak appears at twice the critical potential, since 
now electrons can suffer two inelastic collisions before reaching 
G. This effect is repeated if the voltage Vi is stiE further 
mcreased, and in fact it is found that the peaks are all separated 
by the same voltage, V. This is termed an excitation poten- 
tial.^ M observation shows that each type of atom 

has associated with it a number of characteristic excitation 
potentials. 

The observations prove that energy can only be absorbed in 
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■discrete quanta. Tlie amount of energy absorbed is that 
required to lift an electron from the normal, or ground state, 
to a higher orbit. . This^ is therefore a direct proof of the 
existence of distinct energy levels within, an' atom. When the 
incident electrons have a sufficiently high velocity, ionisation 
by collision sets in so that by this experimental procedure 
ionisation volta|es can be measured. 

Controlled excitation of spectra 

If the quantum theory of spectra is true, it is clear that no 
radiation can he emitted by an atom unless it receives energy 
at least equal to that necessary to raise the electron from the 
lowest to the second lowest orbit. Corresponding to this energy 
is the first criticaj potential, or resonance potential of the atom, 
V. It follows that if v is the velocity of the electron required 
to do this, we have m'v^l2^Ve—hv where v is the frequency 
of the resonance line. If a gas is bombarded with electrons 
with just this energy, the optical electron in the atoms can be 
raised to the &st excited level and after a short time (of the 
order of 10 - s sec.) falls back to the normal state, a spectrum 
line being emitted in the process. Only a single line will be 
emitted. When the velocities of the incident electrons are 
increased a second line can be emitted. With still higher 
velocities a third line, then a fourth, etc., will in turn be 
radiated, until, when the ionisation potential is reached, the 
whole arc spectrum will be given out. 

This prediction of the quantum theory was first verified by 
Franck and Hertz Who showed that with mercury vapour, an 
impacting voltage of 4-9 volts resulted in the emission of the 
line 2587 A, the resonance line of mercury. Substituting for 
this wavelength in the expression Ye^hv gives V=4-87 volts, 
a value in excellent agreement with that observed. 

The phenomenon of single line excitation is iUustrated by 
the photographs in Plate He taken with magnesium vapour. 
At an impact velocity of 3- 2 volts the single principal resonance 
line is emitted. At 6-5 volts a second line is radiated, and as 
the voltage is increased the individual lines of the spectrum 
..appear one by one. 

A Mowledge of ionising potentM^ is of particular value to 
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both spectroscopy and chemistry. They can be obtained 
either from observations of. the limits of line series, the study 
of the spectra of dissociating molecules, or by direct electron 
impact experiments. There is excellent agreement between 
the values derived by the different methods. ■ Ionisation 
potentials are found to vary from about 4 to 24 volts for normal 
spectra, but for multiply ionised atoms as mubh as 390 volts 
may be required. 
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RADIO ACTIVITY AND THE RADIOACTIVE 

TRANSFORMATIONS 

Historical 

The discovery of radioactivity in 1896 by Becquerel proved 
to be the beginning of one of the most fruitful and important 
developments of-modern physics. Becquerel originally noticed 
that a uranium salt which was wrapped up in paper, and had 
been so for a long time, emitted penetrating radiations which 
affected a photographic plate. These radiations were given 
off quite spontaneously, requiring no previous excitation of 
the uranium salt in order to cause them to be emitted. The 
photographic action was extremely weak, but investigation 
proved that in addition to this power, the radiations were, 
like X-rays, also able to produce ionisation in the gases through 
which they passed. Rutherford then began a series of investi- 
gations of this phenomenon. He first proved that the radia- 
tions given off by the uranium salt were of two distinct kinds. 
The one, a-radiation, was easily absorbed by thin sheets of 
matter and was capable of producing intense ionisation. The 
other, ^-radiation, was found to be much more penetrating 
than the former and correspondingly much less effective as an 
ionising agent. Villard later discovered that a third still more 
penetrating radiation, y-rays, was also emitted. This property 
of emitting radiations is an atomic property being entirely 
independent of the state of chemical combination of the 
uranium. It is called radioactivity. 

After the discovery of this phenomenon, the question imme- 
diately arose whether radioactivity was an atomic property 
characteristic of uranium only and to test this point an exten- 
sive search was carried out. As a first result thorium was 
found to possess radioactivity comparable in intensity with 

210 ■ 
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that of iiraniiim and similar in nature, whilst potassium and 
rabidinin were found to exhibit a relatively weak j3-ray' 
activity, the intensity of the latter being approximately one- 
thoiisandth that of uranium. A very important step was taken 
in 1898' by Mme. Curie who noticed that pitchblende, a uranium 
mineral, was four times more active, weight for weight, than 
a pure uranium salt itself. By fractional crystallisation and 
the use of an electroscope to indicate the concentrations of 
radioactive material, Mme. Curie succeeded in separating from 
the mineral two new extremely active materials of high atomic 
weight which were named polonium (Po) and radium (Ra). 
The activity of these materials is very great, that of radium 
being several millions of times that of uranium, for equal 
weights. 

The natural production of radioactive matter 

In 1900 Crookes showed that if uranium salt is precipitated 
from solution by ammonium carbonate and then redissolved in 
excess of the reagent, a residue is left which possesses the whole 
of the radioactivity, the original uranium being apparently 
deprived of all radiating power. This active residue he called 
uranium X (UX) and its occurrence appeared at first to con- 
tradict the view that radioactivity is an atomic property of 
uranium. However, Becquerel found that if the uranium and 
the uranium X were laid aside separately for a year, a remark- 
able occurrence had taken place. The uranium entirely 
recovered its former radiating power, whilst the uranium X was, 
as far as could be observed, inactive. Careful investigation 
showed that the uranium X activity decayed exponentially, 
whilst the radiations from the uranium recovered in a comple- 
mentary manner. The decay and recovery curves are shown 
,in;Pig., 13. '!.■■■■ ' ■ 

The figure shows that after twenty-four days the activity of 
the uranium X has fallen to half its initial value. The sum of 
the activities of the uranium and the uranium X remains 
constant. This explains why the activity of the unseparated 
mixture is constant. The experimental decay curve for the 
uranium X obeys the law It^lQexp{---Xt) whexe It m 
intensity of the activity, after time I, Iq the original intensity, 
and A a constant, called the transformation constant since it 
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is a measure of the rate of transformation of the active 
material. In a similar manner the recovery curve of the 
uranium is found to fit the law It=Io — Io®*P( — 
symmetry of the curves showing that the same constant A is 
involved in both decay and recovery. The time required for 
the decaying intensity to reach half the original value is called 
the period. AJI radioactive bodies exhibit decay, but the 
periods in some cases are so long (reaching 10^® years) that 
these may be considered to have a constant activity. On the 
other hand, periods as small as 10“’ second have also been 



inferred. Decay periods covering the whole of this wide range 
have been found in different radioactive bodies, a large number 
of which are now known. It has been found quite impossible 
to effect any alterations in the rate of decay or recovery of 
any radioactive body by physical or chemical means. The 
rate of production of active substances like uranium X is a 
natural phenomenon, a property of uranium that cannot be 
altered. 

Radioactive deeay 

The deeay and recovery, although quite independent 
phenomena, take place at exactly the same rate. This can 
only be explained if it be assumed that there is a constant rate 
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of productioB of, for example, uranium X by the parent radio- 
active body. : The activity of the newly formed matter must, 
decrease exponentially immediately from the time it is formed. 
The new matter is, in this case, chemically different from' the 
parent which has produced it. As we have seen,: mathemati- 
cally the decay law is of the form li =lQexp{-~Xt) which can be 
rewritten as where Nt is the niimber of atoms 

as yet unchanged after time t, being the number at the begin- 
ning.** Differentiating this expression gives dNt/dt = --XNi, 
i.e. the rate of change is proportional to N< the number as yet 
unchanged. Consider the growth of uranium X in uranium. 
If ^0 particles of uranium X are produced per second by a given 
mass of uranium, and N is the number of particles of uranium 
X present at time t after the complete removal of the initial 
amount of uranium X, the following holds." As the rate of 
change of uranium X atoms due to decay is —AN, the net 
rate of increase is 

di!i/dt==qQ--XN 

which integrates to N=Aea:jp(— A^)-fB. As N=0 w^hen ^=0 
and as N reaches a steady value No when i is infinite 

N=No-NoCiK!P(~-AO. 

This value of N is the number of particles of uranium X present 
at time f after the removal of all the uranium X originally 
present. The expression for N therefore gives the law of 
recovery. This agrees with the experimental values shown 
in Fig. 13.1. 

The theory of disintegration 

The phenomenon of the spontaneous production of radio- 
active matter was first explained by Rutherford and Soddy 
who showed that the atoms of the radioactive elements must 
tmdergo disintegration. In disintegrating, a radioactive atom 
sends out a or j8-radiations which are material in nature, that 
is, they consist of particles, According to present views, we 
should say that a small definite portion of the nucleus of the 
radioactive atom is ejected with very high velocity and a 
different atom is left behind. The residual atom is also radio- 
active, leading to a long chain of radioactive atoms in the 
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form of a series. ' The sequence goes on until a stable substance 
is reached. For both the uranium and thorium series of 
elements the stable end-product is an isotope of lead. The 
transformation constant of a particular substance is interpreted 
as the probability per unit time that any atom of that sub- 
stance will disintegrate; this probability is, of course, the 
same for all atoms of the substance in question. 

The deduced probability of atomic disintegration is not high. 
For instance, in thorium about one atom in 10^^ breaks up in 
a second. The initial disintegration of the thorium or uraniuni 
results in the ejection of an a-particle, only one being ejected 
from each disintegrating atom. It will be shown later that 
the a-particle has a mass four times that of the hydrogen atom, 
the residual atomic weight after the a-particle disintegration 
being four units less than that of the parent atom. In some 
disintegrations only a j8-particle is ejected, and as a j8-particle 
has a charge but only very small mass, the nuclerx charge 
only and not the nuclear mass is effectively changed by the 
disintegration. 

Badioaetive equilibrium 

If one begins with a pure sample of radioactive matter, after 
an interval it will have associated with it various radioactive 
products. After some time an equilibrium position will set in 
wherein the rate of creation of new material will be balanced 
by the rate of decay. The equilibria which can result in 
various particular cases can be studied by a method due to 
Rutherford. When a large number of products are possible 
the calculation becomes complex. As an example of the 
method we shall consider the equilibrium which is sot up when 
a radioactive body A can disintegrate into a radioactive body 
B which again can disintegrate into a radioactive body C. 
The transformation constants for these three bodies are not 
necessarily the same ; let them be Ai, A2, A3 respectively. Let 
P, Q, R, be the number of atoms of A, B, C, present in the 
mixture after time 1 The rate of increase of the B atoms is 
the difference between the number supplied by A and those 
of B naturally disintegrating. Therefore 
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In a similar Bianner the rate of mcrease of C atoms is given by 

= A2Q — A3R. 

If % is the number of A atoms present at the beginning, i.e. at 
the time when B and C are not present, we know that P ' 

from the form of the elementary decay curve. Substituting 
.gives 

dQldt=Xine'^^i^ —X 2 Q 

which integrates to 
By substitution 

a=+Ai/(A2— Aj), 
and as Q=0 when i=0 then also 

5=-~“Ai/(A2~-Ai) ; 

therefore 

A2~Ai 

By substituting for Q in the expression for R we get 
R :=zn(pe'^^i^+qe^^^ -j-re-Asi) 

where 

A1A2 — A1A2 AiA 2 

^ (Ai— A2 )(Ai~-A3) ^ IAi— A 2)(A2— A3) (Ai“~A3)(A2— A3) 

If the constants Aj, A2, A3 are known, the expressions for P, 
Q, R give the quantities of A, B, C, present at any time t. 
These formulae represent a special case involving three 
products only. The general expression for n products is much 
more complex. The formulae are best applied graphically. 
Fig. 13.2 is an example. If a plate be held for a short timB 
in the neighbourhood of radium it coats with a deposit of 
radium A. If the plate is removed and its a activity measured 
over a period of some 2| hours, the intensity of the radiation 
is found to fall off in the manner shown by the heavy curve 
marked A +0. Radium A disintegrates with a period of 
3*05 minutes (with a disintegration) into radium B which is 
j8 active, decaying into radium C which is a-ray active, the 
period being 19*7 minutes. The decay of the radiation from 
A is shown by the falling curve A and the growth of the radia- 
tion from G by the curve C. The heavy observed curve is the 
resultant of these two. In practice the curves A and C are 
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deduced from the combined' curve and from these: the separate 
values of the decay periods are calculated.. Considerable skill 
is required in interpreting curves built up but of many com- 
ponents, The curves of the separate components have in a 



Fig. 13.2 

large number of cases been verified by separating the individuals 
and making a separate decay determination with each. 

The radioactive emanations 

An interesting characteristic of three of the known radio- 
active bodies is that they continuously emit an emanation 
which behaves like a radioactive gas of high atomic weight. 
Over 40 radioactive bodies fit into the radioactive series, but 
of these only radium, thorium X and actinium X give off 
emanations. Since radium emanation is much more striking 
in its effects than the other two, its properties only will be 
considered. The properties of the others are very similar. 

Rutherford first proved by a few simple experiments that 
radium emanation was a true gas which could be transported 
away from the parent by a current of air. It passes through 
cotton wool and bubbles through water without losing any of 
its activity and behaves thus differently to the gaseous ions 
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produced in a gas by any means. The eiiianatioiis lose their 
activity, rapidly, decaying exponentially' like any other radio- 
active body, the periods for the emanations from radium, 
thoriuin X, and actinium X being. 3*8 days, 54 seconds, and 
3*9 seconds respectively. The decay of the radium emanation 
has been measured directly by isolating it from its parent,' 
radium. For reasons which will appear iater^'the emanations 
from radium, thorium X, and actinium X are called radon, 
thoroii, and actinon. 


Some properties of radon 

The rate of production of radon by radium is constant and 
not affected by physical or chemical agencies. The same is 
true for the rate of decay of the radon itself. Although the 
radon is generated at a fixed rate by radium, it can be occluded 
in the parent compound (say radium bromide) and is therefore 
released when the latter is dissolved or fused. The radiation 
from radon consists only of a-particles, but when kept some 
time p-particles and y-rays also appear. These do not, how- 
ever, come from the radon itself but from the active deposits 
left when the radon disintegrates. 

. A direct chemical atomic weight determination is difficult 
since the quantities of radon available are very small. An 
approximate estimate has been made by comparing the rate 
of diffusion with that of mercuiy vapour. From its properties 
radon can be classed as a chemically inert gas of the same 
family as helium, neon, argon, krypton, xenon, and the same 
is true for thoron and actinon. It is for this reason that the 
radioactive emanations have been separately named with 

on ’’ endings. A conclusive proof of the fact that radon is 
a true gas and not an aggregation of particles was given by 
Rutherford and Soddy who were able to condense it at 
temperatures below — 150° C. Like many other gases radon 
can be absorbed by water and porous substances. 

When radon disintegrates it loses its gaseous nature and the 
residual changed atoms are deposited as solid active deposits 
upon any available surface. The amount of active deposit 
formed is proportional to the amount of radon present. Being 


8 
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active it also disintegrates, giving rise to a long chain of 
products. The volume of radon which, is in equilibrium with 
a fixed quantity of radium is constant, this fact being used to 
define a standard of radioactive intensity. The amount of 
radon in equilibrium with one gram of radium is called the 

curie/’ all radioactive intensities being referred to this or its 
sub-unit, the miilicurie/’ The volume of the 'curie can be 
calculated by measuring the number of a-particles given off, 
per second by a gram of radium and determining the trans- 
formation constant of radon (Avogadro’s number being 
assumed known) and by this means is found to be 0*59 cub. mm. 
This is in excellent agreement with the directly measured 
volume 0-60 cub. mm., as the smallness of the quantity makes 
a direct determination liable to error. Since the atomic weight 
of radium is 226« that of radon should be 222, if only one 
a-particle is emitted in the transformation from one to the 
other. This is the value found by direct density determination, 
affording thus strong evidence for the postulated mechanism 
of a-particle emission. 

Analysis of the active deposits 

A body exposed for a short time to radon coats with an 
active deposit which emits a-, jS-, and y-radiatiori and exhibits 
a regular decay. If the body is exposed to the radon for 
several days a residual a-activity results, increasing slowly over 
the first year and thpn decaying with a period of about 20 years. 
A great deal of experimental skill has been devoted to the 
problem of analysing the highly complex changes which occur. 
The analysis of the decay curves for both short exposure and 
long exposure to radon help to explain the nature of the trans- 
formations which take place. The conclusions so reached have 
been confirmed by making use of an ingenious method of 
separation by recoil. When a radon atom disintegrates, an 
a-particle is ejected and the atom which is left behind, called 
radium A (Ra A), recoils backwards. When radium A itself 
disintegrates a recoil atom, radium B, moves backwards, and 
so on for the whole of the series. Consider the recoil of the 
radium B atom which takes place when 'radium A emits its 
a-particle. The radium A disintegration results in the emission 
of an a-particle of mass 4 and velocity TB2 X 10^ cm./sec. As 
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the mass of the residual radium; B , atom is 214, its recoil 
i velocity, from the conservation of momentum, is S-4 x cm./ 

j sec. . When the radium, B disintegrates to radium €,■ only a ' 

I j3-particle is ejected, and owing to the relatively small ^-particle 

j momentum, the resulting radium C recoil velocity is only 

5 X 10^ cm./sec., i.e. one seven-hundredth that of radium B, ■ 

J The recoil of the residual atom can be used as a direct 

method for separating the disintegration products. These are 
f • always positively charged and if a negatively charged plate is 
placed close to the active matter, the recoil atoms can be 
captured and collected. They can then be removed and their 
individual decay periods determined, the values so found being 
in agreement with those deduced from the complex decay 
curves. By carrying out observations upon the deflections 
of the recoil atoms in magnetic and electric ^fields, values for 
the velocities and for E/M can be found. These results are in 
I agreement with theoretical prediction. The recoil method, 

and the analysis of decay curves taken separately for the a, jS, 

I and y activities of the active deposits, have enabled investi- 

I gators to track out the whole series of complex transformations 

I which take place. 

I The radioaetive series 

jj Although radium is nol the parent of a series, the successive 

! transformations following it will serve as an indication of the 

I common type. The beginning of the sequence of changes 

I following radium is shown below, the upper arrow indicating 

J the radiation emitted in going to the succeeding atom in the 

series. Below each atom the period is shown 

a a a fi, y a, % y 

\ X X X X X 

radiiim — >radon — ^radium A — >radiiim B*- — >radium C — -> 

I Period. 1,600 years 3*8 days. 3 mins. 26*8 mins. 19*7 mins. 

■ ■ ■ 

The equilibrium decay curve of Fig. 13.2 is based upon the 
above periods for radium A, radium B, and radium C. 

When aH the radioactive transformations are linked up into 
their respective series three main lines appear, beginning with 
^ uranium, thorium, and protactinium (which is the parent of 

! actinium). The three series are independent, and there is some 

indication that the actinium series has a uranium isoto'pe of 
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mass 235 as its ultimate parent. Each series continues until a 
stable product is reached, but each also exhibits an occasional 
■branching. ' The ejection of an a-particle leads to a reduction 
by 4 in the atomic weight of the remaining atom and by 2 in 
tlie nuclear charge. When a /3-particle is emitted the atomic 
weight remains, unchanged whilst the nuclear charge and 
atomic number^ increase by 1. The. three series given by 
.Rutherford are shown in Tables I, II, III. The names of some 


THE RADIOACTIVE SERIES 
Table I 


Element 

1 Atomic 

1 weight 

Atomic 

number 

Period 

Sequene 

e 

Uranium 1 

U 1 

ass 

92 

4-f>X 10® yeans 




Uramum 

UXi 

(234) 

00 

24*.^ days 


cc 

■/3 


Uranium X 2 

U X 2 

(234) 

91 

1'14 min. 



Uranium Z 

uz 

(234) 

91’ 

6' 7 liours 

j 


> 

Uranium 11 

V 1 1 

(234) 

92 

10*^ years 

1 


Ionium 

To 

(230) i 

90 

years I 


a 


Radium 

Ra 

(226) 

88 

1,600 years 


a 


Radon 

Rn 

(222) 

86 

3-8 days ^ 


a 


Radium A 

RaA ' 

(218) 

84 

3*0 mins. 

N 

a 


Radium B 

RaB 

(214) 

82 

■ 26*8 mins. 


cc 


Radium C 

Ra C 

(214) 

83 

19*7 mins. 


P 


Radium C' 

Ra C' 

(214) 

84 

1 ’5 X 10” sec. 


(3 

a 

Radium C'' 

RaC" 

(210) 

81 

1*32 mins. 


a ' ■' ^ 


Radium D 

RaD 

(210) 

82 

/^25 years 



> 

Radium E 

Ra E 

(210) 

83 

5*0 days 



Radium *F 

Rap ' 

(210) 

84 

136-3 days 


> 


Radium G 

RaG 

2oe 

! 

82 

Stable 


a 
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Table II 


Eienieikt 

1 Atomic 
weight 

Atomic 

number 

Period 

Sequence. 

Protactiniiim 

Pa 

(231) 

01 

1*25 X years 




Actinium 

Ac 

(227) 

89 

13*4 years ^ 




Radioactinium 

Rd Ac 

(227) 

90 

18*9 days 




Actinrium X 

AcX 

(223) 

88 

11*2 days 


(X 


xictlnon 

An 

(219) 

86 

3*92 sec. 




Actinium A 

Ac A 

(215) 

1 84 

2*0 X 10~^ see. 


oc 


Actinium B 

AcB 

(211) 

82 

36*0 mins. 


(X 


Actinium C 

Ac C * 

(211) 

83 

2*16 mins. 


P 






• 


a ] 

> 

Afitinium C' 

AcC' 

(211) 

84 

5X 10~® see. 




Actinium 

AcC'' 

(207) 

81 

4*76 mins. 


i 

ft 1 

a 

Actinium D 

AcD 

(207) 

82 

Stable 


P 1 



Table III 


Element 

Atomic 

weight 

Atomic 

number 

Period 

Sequence 

Thorium 

Th 

232 

90 

1*65 X 10^® years 

j 

a 

'p 

> 

a 


Mesothorium 1 

MsThl 

(228) 

88 

6*7 years 

1 


Mesothorium 2 

Ms Til 2 

(228) 

89 

6*13 hours 

1 

I 


Radiothoriura 

Ra Th 

(228) 

90 

1*90 years 

I 1 

1 


Thorium X 

ThX 

(224) 

88 

3*64 days 

1 

s 

1 


Thoron 

Tn 

(220) 

86 

54*5 secs. ^ 

I 

i 


Thorium A ’ 

Th A 

(216) 

84 

0*145 sec. 

1 

j 

1 a 

a ■ ■■ 

> 


Thorium B , 

Th B 

(212) 

82 

10*6 hours 



Thorium C 

The 

(212) 

(212) 

83 

60*5 mins. 



Thorium C' 

Til O' 

84 

2x10-’ sec. 


ot , 


Thorium , 

■Th'c" ; 

(208) 

81 

3*2 mins. ' 


'n 

^ - 

a 

Thorium 1) 

ThD 

(208) 

82 

Stable 
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atoms, such as Ra O' and BaC", involTe primes since they 
were ^y discovered after EaD, EaE, etc., had long been 
known and named. 

The atomic weights in the brackets are 
transformations only. Those of Ul, Ra, RaG, Th, IhD, and 
AoD have been determined chemically, but are only given here 
as approximate" whole numbers. The sequences descnbed as 
S-ray transitions are usually accompanied by y-radiation, a 
point which will be discussed later. It is clear from Table J, 
that radium is a member of the uranium series. Polonium, 
the early discovery of Mme. Curie, is radium F. 

In the majority of cases an atom disintegrates in one way 
ovjy but there are four exceptions which show branch products, 
the branching atom setting up its own disintegrating series. 
These can be seen in the series tables. The disintegration of 
Ra C is typical, the branching chain being as follows. It will 
be seen that the side branch to Ra C” constitutes only 0*04 per 
cent, of the total disintegration of Ra C so that the main chain 
is hardly affected at all. In three of the cases of branching 
the branch atom is produced only as a small fraction of the 
main disintegration. 

Branching of Ba C 


RaO 



i8 

Ra C" (81)—^? (82) 


In the The branching, the branch atom constitutes .'J-'i per 
cent, of the total disintegration. 

Radioactive isotopes 

The chemical properties of an atom are determined by its 
atomic number which fixes its place in the Periodic Table of 
the elements. Reference to the tables of the radioactive 
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series shows that frequent cases occur wherein atoms of 
different atomic weights have the same atomic number and 
thus occupy the same position in the Periodic Table. . For 
example j U Xj, U Y, lo, Rd Ac, Th, Ed Th all have different 
atomic weights and yet the same nuclear charge, 90. They 
constitute radioactive isotopes and, in fact, i|otopes were first 
discovered by this means. In Table IV the radioactive atoms 


Table IV. — ^Radioactive Atoms 


•At 

No. ‘ 

92 ? ... .in 
\ 

\ 

9,1 U Z . 

\ 


.U l,i 

/I 


/ 


. .U X, 
/ 


90 

89 

88 

87 

88 

85 

84 

83 

82 

.81 


/ 
UXi , 


.lo 


....Pa 

/ 

.UY ... 


...EdAc^ Th , 


.RdTh 


Ac 


I 

Ra. 


./ 

y 


1 ] 



! / 
L/’ 


/ 

.MsTho 


.AcX ...MsThi ThX 


Rn. 


.An , 


Tn 


RaA.,.. RaC' RaF...AcA AcC' ...ThA, 




/ 


/ 


/ 


Ra B . 


EaC 






/ 


/ 

• RaE . 
/ 


/ 

/ 

• AoC. 
.^1 


/ 


? RaD. Pb...AoB .. 




i/ 

EaC" 


/ 

! 

I 

1 


....FI 

: 

b....Th 

/ 

1- / 
B .. 


•The 


/ 

/ 

/ 

/ 

.ThC.... 


. / 
• AcC" 


Pb 


/ 


■ ThC" 


are arranged according to atomic number and from this it is 
seen that isotopes are very frequent and also very numerous 
in some cases. All atoms which are isotopic are joined by a 
dotted line. Particular attention may be drawn to the 
elements with the atomic numbers 83, 82, and 81, for in the 
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Periodic Table , the noii-radioactive atoms of bismuth, lead, 
and thallium possess ' these atomic numbers and are therefore 
also isotopic with those radioactive elements of corresponding- 
unclear- chargesV This fact has proved to be of great value 
chemically, for if one of the radioactive isotopes of bismuth, 
say, is mixed wij}h the latter, it behaves as an indicator and 
the bismuth can be traced by means of the associated radio- 
isotope, as both behave identically to chemical and physical 
reactions. By this means the' absorption of minute amounts 
of metal by materials, or by the body, etc., can be studied 
and a whole new field has been opened by the use of the 
'' radioactive indicators.” 

The study of the chemical properties of the radio elements 
has led to the Displacement Law which states 5hat when an 
a-particle is emitted the element shifts back its position in the 
Periodic Table by two places, whereas when a j8-particle is 
ejected it goes forward one place. It is obvious from this rale 
that isotopes must result, as more than one type of atom can 
occupy a given place. The end product of each of the three 
series has atomic number 82, which is that of lead. Three stable 
lead isotopes of atomic weights 206, 207, and 208 arise from 
uranium, actinium, and thorium respectively. These are 
called uranium lead, actinium lead, and thorium lead, and are 
found separately in the minerals containing their parent atoms. 
This has been proved in a number of different ways. Direct 
chemical analysis of thorium and uranium minerals showed 
that the leads associated with these had the respective atomic 
weights 208 and 206. Ordinary lead is a mixture containing 
the three leads discussed above, as has been proved by the mass 
spectrograph and by hyperfine structure observations. An 
elegant proof of the correctness of the radioactive series has been 
made by examining with high resolving power the spectra of 
the leads obtained from different parents. Although chemically 
identical (excluding atomic weight) the different leads exhibit 
a slight isotopic displacement in their line spectra and can be 
individually identified. The chemical determination of the 
atomic weights of the respective leads has completely vindi- 
cated the whole theory of the radioactive series, "since the 
atomic weights of the leads can only be deduced after the 
analysis of the whole series has been completed for each. 
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Some properties Of radium 

Since radium has proved to be practically of great importance 
because of the high intensity of the radiations emitted, some 
of its properties will be considered here. Radium is present 
to the extent of 3*4 gram in each gram of mineral 

uranium. Its extraction therefore presents great difficulties. 
It is invariably found in uranium ores, being « member of the 
uranium series, and is separated by successive crystallisation 
of the bromide. Like any other atom, it has a characteristic 
line’ spectrum. Pure metallic radium melts at about 700"^ C. 
and is chemically analogous with barium. Since the first dis- 



integration produces radon, which is usually partially occluded, 
in the radium compound, a mass of radium gives off radon in 
a gaseous form. Radium continuously maintains itself at a 
temperature a few degrees higher than that of the surrounding 
air, this heating effect remaining unaltered at very low 
temperatures. 

The first determination of the rate of emission of heat was 
made by Curie and Dewar with the apparatus shown in 
Pig. 13,3. The Dewar flask B contains liquid air and in it 
is immersed a second smaller Dewar flask A also containing 
liquid; air. The radium is enclosed in a small tube which 
warms up and communicates its heat to the thermally isolated 
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liquid air in the inner flask A. . No heat can be transferred to 
the flask from outside, so .that all the evaporation of liquid 
air in, A is entirely due to the heat given out by the radium.' 
The air is collected and measured, and from the latent heat of 
evaporation, the amount of heat generated can be calculated. 
It is found , that 1 gram of radium in equilibrium with its 
products emits f40 grm. cals, per hour. It can be shown also 
that each' atom of uranium in finally transforming itself to 
lead emits 7*1 x 10-^ erg, which corresponds to the endrgy 
acquired by an electron in falling through a potential difference 
of 45,000,000 volts. The heat produced by radium (or any 
radioactive body) is due both to the absorption of radiations 
and the energy of the recoil atoms. Most of the energy arises 
from a-ray absorption. The enormous quantity of energy 
radiated in radioactive transformations can only have its 
origin in nuclear sources. Indeed the high energies associated 
with the disintegration process first pointed to the nucleus as 
the origin of the effect. 


REFEBENCES 

Radiations from Radioactive Substances.” E. Rutherford, J. Chadwick 
and C. B. Ellis. (1930.) 

“ Radioactive Substances and their Radiations.” E. Rutherford. (1913.) 



CHAPTER 14 


f 


THE a»PARTICLE 

The radioactive radiations can be distinguished by their 
different penetrating powers and by their different responses 
to the effect of strong magnetic and electric fields. The a- 
radiations are completely absorbed by relatively thin metallic 
foils. They can be deflected by strong magnetic and electric 
fields, which proves that they must be rapidly moving charged 
particles. It will be shown later that they consist of streams 
of high-speed helium atoms which have lost two electrons. 
The j8-radiations are relatively much more penetrating than 
the a-radiations and are also much more easily deflected by 
magnetic and electric fields. Evidence will be given later 
showing that they are equivalent to cathode ray electrons of 
high speed. The y-radiations are extremely penetrating and 
cannot be deviated by magnetic or electric fields. They are 
light waves of extremely short wavelength, similar to X-rays 
but with a much shorter wavelength, and consequently more 
penetrating. 

The ionising power of the respective radiations is associated 
with the degree of penetration possible, the more penetrating 
the radiations the less are they able to ionise. It is possible 
to separate the three types of radiation to some extent by 
means of suitable absorbing screens, but by this method only 
the y-rays can be obtained quite free from admixture with the 
others. A complete separation is achieved by application of 
a strong magnetic field which deviates the positively charged 
a-particles to one side and the negatively charged p-particles 
to the opposite side, whilst the y-rays pass on undeflected. 
The a-particles constitute the most energetic part of the radio- 
active radiations. This chapter will be , devoted to the 
consideration of their properties. ■ 
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Determination of E/M for the a-particle 
The determination of the ratio of the charge E to the mass 
M was an important step in elucidating the nature of the 
a-particle. The principle of the method first used by Ruther- 
ford and Robinson is identical with that employed in maldng 
the determination of e/m for cathode rays. A beam of a- 
particles is deflected by magnetic and electric fields and from 
the displacements produced, E/M can be calculated. Absorp- 
tion experiments show that the a-radiation given off by a 
mass of radium in equilibrium with its products is composite. 
If, however, a wire is exposed for some hours to radon, an 
active deposit of Ra A, Ra B, and Ra C is obtained, the decay 
periods of which are such that after a short time a-particles 



are emitted from the wire by RaC only. This therefore 
(onstitutes a homogeneous a-ray source. 

The apparatus used for the magnetic deflection experiment 
is shown in Fig. 14.1. The source of a-particles. A, is set 
parallel to the slit B which is distant a cms. from it. At a 
distance 6 cms. from B is a photographic plate. .The apparatus 
is evacuated and placed in a strong uniform magnetic field 
with the lines of force parallel to the sht, *.e. perpendicular to 
the plane of the paper. The field can be reversed after an 
interval. The a-particles, with velocity v, are deviated by the 
field and thus reach the points R and P' respectively before 
and after reversing the field. The calculation for relating the 
deflection with the field strength is identical with that carried 
out for the cathode rays giving l/r=HE‘/M», H being the field 
strength and r the radius of the curve through which the 
particles are deflected. From the geometry of the apparatus 
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it can be shown that, for small deflections, 2fd=m{a-\-b), hence 
the measurement of the magnetic deflection gives the value 
of E/Mt;. 

In order to be able to calculate E/M an electric defliection 
experiment must now be carried out. When the a-particles 
are allowed to pass between parallel plates maintained at a 
different potential, the deflection produced is small and diffi- 
cult to measure unless the deflecting path is long. For long 
paths the radiation given off by a coated wire is insufficient 
to produce a photographic effect. The wire must therefore be 
replaced by a tube containing a large quantity of radon, the 
tube walls being very thin to reduce absorption effects. The 
experimental arrangement used by Rutherford and Robinson 
is shown in Fig. 14.2. The a-rays from^the source S pass 
between the deflecting plates AA which are 35 cms. long and 
4 mm. apart. After passing through a mica slit one-sixth of a 
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Fig. 14.2 


millimetre wide the rays travel 50 cms. to P, a photograj)hic 
plate. The whole apparatus is evacuated and a potential of 
2,000 volts applied between the plates AA. The treatment is 
again similar to that in calculating the cathode ray electro- 
static deflection. The rays have a parabolic path between the 
plates, the deflection being proportional to Ijv^, By reversing 
the voltage on AA, symmetrical deflections are obtained, 
leading to a high degree of accuracy in measurement. Since 
the radon source radiates a-particles from radon, RaA and 
RaC, three deflection bands appear upon the photographic 
Xilate. These particles are separated from each other since 
they have different velocities and are thus deflected differently. 
This introduces no complication in the experiment as long as 
the field ;strength is sufficient to resolve the individual particles. 
A^composite source can be used in the magnetic deflection 
experiment too,' providing the resolution is great enough. . 

The electrostatic deflection experiment' enables the value of 
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to be calculated and as the magnetic experiineiit gives 
MIMp, both E/M and v are obtained by combining these. ■ The 
value of E/M found for aU a-particles, irrespective of the source, 
is 4, 820 e.m.u. This is very close to the value for E/M calculated 
for doubly ionised helium, the latter being 4,826 e.m.u. Identity 
was therefore suspected and this was proved in a decisive 
manner by Ruthorford and Royds, using the following method. 
The a-particles given off by a large quantity of radon enclosed 
in a thin- walled tube were allowed to gather in a highly 
evacuated discharge tube. After two days a spectroscopic 
examination of the tube showed that helium had appeared in 
it. The helium lines gradually became more and more intense 
with increasing time. It had long been known, however, that 
radioactive ores and radium itself occluded helium. Control 
experiments were therefore carried out to prove that no 
occluded helium was able to pass through the walls of the 
tube containing the radon. It is thus quite evident that the 
a-particles themselves, which do pass through the tube walls, 
give rise to the. observed helium spectrum. In the process of 
absorption by the walls of the discharge tube the a-particles 
capture electrons and become normal helium gas atoms. 

The helium found occluded in radioactive ores arises from 
the absorbed a-particles. A further proof of the identity with 
helium is obtained by firing the a-particles into a sheet of 
lead which absorbs them. Electrons are captured by the 
particles in the absorption process and they become normal 
helium atoms. If the lead is melted, this helium is evolved 
and can be detected by spectroscopic methods. 

The electrostatic and magnetic deflection experiments give 
also the velocity of the particles. These are found to be very 
high indeed, differing for different sources. For example, the 
velocity of the a-partioles from RaC is 1*922x10^ cms./sec. 
which is one-sixteenth of the velocity of light. The pene- 
trating power is the direct result of the high velocity, for the 
speed reduces the chances of losing energy in collision with an 
atom when passing through matter. 

The deteetion of a single a-partiele 
The a-particles . are extremely energetic, ' those from Ra C, 
for instance, having each a kinetic energy of T2x l0“-'» ' erg. 
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This corresponds to the energy acquired by an electron in 
falling through 7-66 million volts. The energy associated with 
each a-particle is relatively so great that, despite their atomic 
character, individual particles can be detected. Four methods 
have been employed for the detection of the particles as 
individuals, these being conveniently described as electrical, 
optical, photographic, and expansion chambef . The electrical 
method depends upon the fact that in an averse case, ' as in 
the -emission from RaC', a single a-particle can produce as 
mahy as 2*2 x 10^ pairs of ions in its path through air. As 
each of the ions formed has a charge of 4*8x10*“^^ e.s.u. this 
corresponds to a total quantity of about 1 X 10-^ e.s.u. of 
electricity. Although this quantity can be detected it is small, 
and in order to magnify it Rutherford and Geiger made use 
of ionisation by collision in a very ingenious manner. The 



device employed for the detection of the individual particles 
is shown in Fig. 14.3. The active material in C sends out a 
stream of a*particles and as the vessel is evacuated these reach 
the circular hole D, which has a. diameter of 1*5 mm. The 
number Of a-partieles reaching D can be cut down by the stop- 
cock F to about three per minute. D is covered with a very 
thin sheet of mica, which although it has only a small stopping 
power, enables the vessel C to be evacuated whilst the pressure 
in the vessel AB, the detecting chamber, is maintained at a 
few centimetres of mercury. The detecting ' vessel consists of 
a metal cylinder A, along the axis of which passes an insulated 
wire B> The gas pressure is adjusted so that if a voltage is 
applied between the wire and the cylinder the ions produced 
by the entry of an a-particle are enormously increased by 
ionisation by collision and the momentary current produced 
can quite easily be detected. With this apparatus the total 
number of particles given off by a known quantity of radium 
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in i second can be co.unted. . If a string galvanometer is' .used 
as the current detector and photographic registration employed, 
as' many as d, 000 particles per minute can be counted, if a suit- 
able leak is used to permit the string to come back rapidly to 
zero. 

The a-particle counter just described has been improved by 
Geiger and made so sensitive that even the very much weaker 
ionisation produced by a single j3-particle can be detected. 
The modified Geiger' counter is shown in Fig. 14.4. The^rod 
P has a fine, pointed end and projects into the brass tube T, 
being carefully insulated from it. The particle enters through 
a window which Ls covered with a thin mica sheet so that 
the pressure within the tube T can be adjusted. A voltage is 
applied between ^T and P and maintained very near to the 



dischai'ge point. The entry of a particle causes local ionisation 
near the point and this has a trigger action effect, causing a 
.short discharge which is recorded by a self-registering string 
galvanometer A. The actual magnitude of the discharge 
current seems to be independent of the initial ionisation, and 
owing to this, the instrument will detect j8-particles as well as 
a-partieles. The mechanism of the counter is quite different 
from that of the one previously described and cannot be used 
if a-particles are to be examined in the presence of jS-particles. 
It is possible to modify the counter by using a, small sphere 
instead of a fine point, so that only a-particles' give a response. 

■ The ' optical or scintillation method of observing individual 
particles, due to 'Crookes,- has proved to be a sensitive me'thod 
of great ' value,, W screen is: coated ' with the phos- 




PLATE IV 



IVa. Ion track produced 
by X-ray beam {after 
Wilson). 



TVd. Nuclear disintegration by a-particle with 
proton emission {after Blackett). 
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plioresceiit crystals of zinc sulphide and exposed to a source 
of a-radiation it becomes luminous, and when viewed with a 
lens this luminosity is seen to consist of a number of scintil- 
lating points. Each flash- is due to the impact of a single 
a-particle upon a crystal. A delicate means for counting the 
individual particles is thus available. 

The third method, the photographic, will be very briefly 
dealt with for its applications are very limited. It is possible 
to, observe the photographic tracks of the a-partieles if they 
arc allowed to fall tangentially upon a photographic plate, or 
by locally infecting the plate itself with radioactive material. 
In the latter case the particles passing through the gelatine in 
a direction parallel to the plate leave tracks which can be 
developed up. ^ 

The most powerful method of studying the individual 
particles is by the use of the Wilson expansion chamber. An 
example of Wilson chamber photographs is shown in Plate IVb 
and it will be seen from this that- the particles travel in straight 
lines and occur in groups, the range having very nearly a 
constant value in each group. The occasional sudden devia- 
tions from the straight-line track which can be seen near 
track ends are due in each case to the collision of an a-particle 
with the nucleus of a gas atom in its path (Plate IVc). Some- 
times, when the conditions are suitably adjusted, short electron 
tracks can be seen emerging from the main a-particle track. 
The electrons responsible for these tracks have been called 
S-rays. They are in fact the secondary electrons of highest 
energy produced as a result of the ionising activity of the 
a-particles. The use of the expansion chamber has yielded a 
number of a very important facts particularly concerning the 
disintegration of atomic nuclei. 


The eharge carried by an a-particle 
.The va,lue of E/M- for the a-particle . indicates that the 
particle is- to be identified with a doubly ionised helium atom. 
A, final proof of this is forthcoming .if .the actual' charge. E can 
be. separately determined, as this enables .both E and M to, be 
calculated and . the identity, to- be completely, established. 
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E can be most conveniently measured if the charge carried by 
a known number of particles is ascertained. There exist a 
number of methods for determining the number of a-particles 
given off in 1 second by a gram of radium. It can be measured 
by means of a counter, by the direct observation of scintilla- 
tions, and by collecting and measuring the amount of helium 
given off in a known time (156 cub. mm. are given off in a 
year). As a mean of these it is found that 1 gram of radium 
emits 3-70 X 101 ^ a-p^rticles per second. 

Since the number of particles given off per second is known, 





E can be determined by measuring the total charge given up 
by a known number. The method of doing this is illustrated 
in Fig. 14.5. A known quantity of RaC is contained in a 
shallow dish R which is covered with very thin aluminium foil 
to keep back recoil atoms. The a-particles fall upon the 
collecting plate CA which is connected to an electrometer. 
The collecting plate is covered with thin aluminium foil, and 
its area is defined by the diaphragm B. From the area of 
the diaphragm and the known emission by the source, the 
number of a-particles falling on the plate can be deduced, and 
so the charge per particle measured. The whole apparatus is 
maintained in a strong magnetic field (N, S are the pole pieces 
of a powerful magnet) the objects of which are twofold. 
Firstly, it deviates away the ^-rays given' off by the , source 
preventing them' from, reaching the collector. Secondly, it 
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curves back on to the collector the secondary electrons liberated 
from the surface of the metal by the impact of the a-particles. 
Thus the only charge recorded on CA is that brought by the 
a -particles. The apparatus is evacuated in order, to avoid 
co,mplications which would be produced by collisions, etc. The 
value found for E is e.s.u., which is twice the 

electronic charge. Thus within the limits , 1 =! of experimental 
eiTor it is confirmed that the a-particle is- a helium atom which 
haa lost its two outer electrons. It is a high-speed helium 
nucleus, since the normal helium atom has only two outer 
electrons. 

The absorption of a-particles by gases ^ 

One method of studying the absorptioil of a-particles in 
gases is to measure the length of the track in an expansion 



Fig. 14.6 


chamber filled with various gases at different pressures. A 
more precise method is due to W. H. Bragg, the details of the 
method being outlined in Fig. 14.6. A narrow pencil of 
a-particles is formed by allowing the radiations from the 
source to emerge from a small aperture in a lead box. Two 
metallic gauzes A and B, parallel and close to each other, 
form an ionisation chamber. The saturation current .between 
these gauzes is proportional to the intensity of the ionisation 
produced betwee,ii them by the a-particles. The source can 
be moved tow'ards and away from the gauzes and by this 
means the amount of ionisation produced at every point of 
the, a-particie , path can be' measured. Alternatively the source 
and ionisation chamber can be kept fixed whilst the gas pressure 
is varied.* 
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Witli a homogeneous source of a-radiation, such as that 
given off by RaC', Bragg found that the curve relating the 
ionisation with the distance from the source is as illus- 
trated in Pig. 14.7. This curve shows that the ionisation 
along the path of a particle climbs steadily to a maximum and 
then falls with great rapidity to zero, making a slight ankle in 
the curve just before the zero line is reached. If radium in 
equilibrium with its products is examined, the a-radiation 
contains a-particles emitted from Ra, Ra A, radon, and R*a C, 
and as these have different ranges, the resultant ionisation is 
the sum of the ionising effect of each of the different types of 
particle. Each different grouj) produces a curve similar in 



shape to that of Fig. 14.7, with, however, the scale differing 
in each, since the zero (end of the range) is reached at different 
points. The curves of ionisation are therefore additive, 
leading to the resultant thick curve in Fig. 14.8. The 
dotted continuations show how the ionisation curves of the 
individual groups add up to give the resultant for the complex 
radiation. 

The ionisation curves may be used to determine the ranges 
of the particles, since they indicate the point at which the 
particles lose their power to ionise. The tail-end ankle of the 
curve in. Fig. 14. 7' (the straggle effect) arises from the fact that 
the collisions of the a-particles with atoms obey the laws of 
probability, with the result that, individual ranges vary slightly 
from the average. The range is taken to' be the extrapolated 
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value found by producing the almost straight falling portion of 
the curve to the x axis. The distance to which the straggle 
tail stretches depends upon the sensitivity of the measuring 
device used ; the higher the sensitivity the more easily can 
the few particles with excess range be detected. By measuring 
the amount of ionisation over the whole range, that is, by 
integrating the ionisation curve, it can be sh<3wm that the tokil 
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number of ions produced in air at 760 mm. pressure and 15° C. 
by the absorption of a single a-particle from, say, E-a C' {range 
6*97 cms.) is 2-2x10^. 

r : : The ranges of a-particles 

The ranges of the particles can be' deduced from: the ionisa- 
’ tion curves in the manner described, but this method is not 

ir'. , ■ well suited to. weak sources,.. for which a- simple method. has 

: been devised, by Geiger and NiittalL With this a very com- 

I'.'. . : plete, study of a-pa.rticle ranges, has been made. ; The,,ac.tive' 

material is placed on a .rod at the centre of a glass bulb' which 
! is silvered on the inside, and a high voltage is applied between 

I the bulb and the metallic holder of the active material. The 

j saturation current for different gas , pressures is measured. 
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giving ionisation curves similar to that shown in Kg. 14.9. 
Starting with low pressures, the current rises linearly with 
increasing gas pressure until a point is reached where all the 
a-particles are absorbed and thus achieve complete ionisation. 
Further increase of pressure now is without effect ' on the 
measured current. At the sharp turn-over point in the curve, 
the a-particles just reach the silvered wall of the bulb, so that 
the bulb radius is the range. The range for a particular gas 
pressure has thus been measured, and since the range in a gas 



Fig. 14.9 

is inversely proportional to the pressure, the range at atmo- 
spheric pressure is simply deduced. Geiger has improved the 
method and rendered it capable of giving ranges with an 
accuracy of one-hundredth of a millimetre. 

The ranges of the different ' a-particles in air may also be' 
interpreted in relation to the stopping power exerted by the 
air. ; A given range means that a given number of centimetres 
of air are requiredTor absorption of the particles. If a sheet 
of any material is: interposed in the path of the particles it 
exerts a . retardation effect and reduces the range. The stop- 
ping power of ' the sheet is defined as the equivalent centimetres 
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of air path by which the normal range has been reduced. The 
stopping power of a sheet depends upon its thickness, atomic 
weight, and density, and to some extent upon the actual, initial 
velocity of the a-particles which are being absorbed. To a 
first approximation it is proportional to the square root of the 
atomic weight (Bragg and Kleeman’s law). 

When the a-particles pass through matter the majority 
travel in straight lines losing energy by removing electrons 
from atoms lying along the whole length of the path. On rare 
occasions a collision with the relatively small nucleus of an 
atom takes place, in which case the a-particle suffers a large 
angle deflection sometimes exceeding 90°. Since energy is used 
up in producing ionisation along the whole length of the path, 
it is obvious that the velocity of the particle must continually 
diminish after it has left its parent atom. (This is not very 
marked in a vacuum where there are relatively few collisions.) 
A relationship exists between the velocity retained after 
emerging from an absorbing sheet of material and the residual 
range left. This, known as Geiger’s law for the reduction in 
velocity, can be expressed as V3=aR where a is a constant, 
V the velocity of the particle after leaving the absorbing 
material, and R the range in air after passing through the 
absorber. Geiger derived this law by measuring the velocities 
of the emerging particles by the magnetic deflection method. 
It does not hold quite accurately for the longer range particles. 

The fine structure of a-partiele ranges and long range a«partieles 

It was for a long time considered that the a-particles 
emitted by a single radioactive body all had the same range, 
excluding the straggle effect due .to statistical fluctuations ■■ of 
thC: collisions in the absorbing medium. However, an' indica- 
tion that this was not so was first found by Rutherford iii' 
Th C'. For every 10® a-particles emitted with the normal 
range of 8*6 cms. there are 35 particles with a' 9*7-cms, and 180 
with a ll’6-cms. range. Although these particles 

are few in number they come from' the same nucleus as the 
rest. They are clearly more energetic, and it can be shown 
that they arise from excited levels within the nucleus itself. '' 
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' When a main group of a-particles is more closely examined, 
it is sometimes found to exhibit B,fine structure, that is to say, 
to consist of a number of discrete individual groups of particles 
whose ranges are very nearly the same but are definitely dis- 
tinct. Rrosenblum first observed this in the a-radiation given 
out by the disintegration of Th C into Th The a-particle 
beam was deflectfd by a very large magnet weighing 120 tons 
and producing a uniform field of 36,000 gauss over a circular 
gap 25 cms. in diameter and 3 cms. wide. Photographic regis- 
tration was used. Later Rutherford and collaborators used a 
fixed radius of curvature and varied the magnetic field, bringing 
particles with different velocities successively into an ionisation 
chamber. By these means the fine structure of the a-particles 
from several bodies was observed. 

The strength of ^he magnetic field is the main factor enabling 
this fine structure to be resolved. With the very large fields 
employed it is possible to separate particles whose velocities 
differ by only 0*02 per cent. T,’he fine structure can also be 
correlated with excitation energy levels within the nucleus, but 
the levels in this case are those of the product nucleus, not the 
nucleus from which the particles are emitted. 


a«-particle range and the transformation constant 

A relationship of practical application has been found to 
exist between the values of the transformation constants and 
the a-particle ranges for different radioactive materials. In 
general when the transformation constant is large (and the 
period therefore small) the a-particle range is also large. This 
relationship, known as the Geiger-Nuttall rule, is best shown 
by plotting the logarithm of the range, log.R, against the 
logarithm of the transformation constant, log. A. The plot for 
the members of the three radioactive series shows that three 
nearly parallel ' Straight lines are formed, one for each; of tlie 
series, . The graphs are not exactly straight lines, but to, a first 
approximation they can be fitted into equations' of the form 
log, A==:<*+^-log.R, the' constant h being the same for the three 
series whilst a has three different values. 

It has been found possible to derive a formula; in justification 
of the Geiger-Nuttall rule. Theoretical w^ave mechanics methods 
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show that the energy of an a-particle, E, is related to . the 
transformation constant A according to the lawlog. A=a-f&.E. 
This corresponds to the empirical Geiger-Nnttall law since the 
a-particle range depends upon the energy. The theory shows, 
too, that h is not quite constant for all different materials but 
decreases when E increases. This accounts in part for the 
deviations from the straight line which are ^ound when the 
respective logarithms of transformation constant and range 
are “plotted against each other. The rule has proved to be 
extremely valuable for fixing roughly the transformation con- 
stants of very short or very long lived products. All that is 
required is that the a-particle range be measured and from 
this an approximate value of A is easily calculated. 

The scattering of a-partieles by matter 

Fundamental discoveries concerning our knowledge of 
atomic structure have developed from Rutherford’s investi- 
gation of the scattering of a-particles by matter. If a sharply 
defined pencil of a-rays is allowed to fall upon a photographic 
plate, in vacuo, the photographic image which is formed has 
clean, sharp edges. If a thin screen with a stopping power of 
about a centimetre is interposed in the beam, the image 
broadens out and becomes diffuse, due to scattering of the 
particles by the atoms of the absorbing screen. The majority 
of the a-particles are only scattered through small angles of a 
few degrees but some behave quite differently. The latter are 
deflected through very large angles, even up to loO"". The 
number of such particles, which are almost “ reflected ” rather 
than deflected, increases with the thickness of the absorbing, 
screen until a certain limiting thickness is reached, after which 
they remain constant. The number also increases rapidly 
with the atomic weight of the scattering screen, as many as 
1 in 8,000 being turned through more than a right angle by a 
thick sheet of platinum foil. 

From measurements of the number of particles scattered 
through small angles, it is certain that the number scattered 
through very large angles is abnormally high if the law of chance 
is obeyed. It must be concluded that the' scattering mechanism 
for large and small angle scattering is not the same. Rutherford 
showed' that the only possible, explanation of the large angle 
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scatteriBg: is that it is due to a single' encounter between the 
a-partiole and an atom possessing a very intense - central electrical 
field, ' It is impossible to explain the relatively high frequency 
of large angles by assuming that successive small angle scat- 
tering of one particle has taken place. In order to meet the 
requirement of such an intense central field, Rutherford pro- 
posed an atomit? structure which has now become classical. 
According to this view, already discussed, the atom consists 
of a very small massive positively charged nucleus, in which 
most of the atomic mass is concentrated. Around this and 
outside of it is an equivalent negative charge distributed over 
a sphere. This we now identify with the outer rotating 
electrons of the atom. The whole atom is therefore neutral, 
but as the nucleus is considered to be very small compared with 
the radius of the ''sphere containing the negative charge, there 
is effectively a positive point charge at the centre. The 
physical radius of the atom is the radius of the sphere con- 
taining the negative charge, which in effect is equivalent to 
the radius of the outer electronic orbit. Rutherford proved 
that for scatter deflections greater than 1® the outer negative 
charge due to the electrons can be neglected entirely, the 
nucleus being the only agent responsible for the . scattering. 
The method of calculating the nuclear scatter effect, which is 
due to Rutherford, wiU now be considered. 

For simplicity it is assumed that an oncoming a-particle is 
effectively a positive point charge associated with a given mass 
and velocity. Owing to its great speed it can penetrate the 
outer .electron cloud and approach closely to the positively 
charged nucleus of the atom. An electric force of repulsion, 
obeying the inverse square law is set up between the atomic 
nucleus and the a-particle, since they have like charges. If 
the atomic nucleus is relatively heavy and assumed to remain 
at rest, the a-particle will describe a hyperbola about the 
nucleus as external focus, according to the following treatment. 

eonsider an a-particle moving alongPO (Fig 14 .10), approach- 
ing the heavy nucleus which is stationary at S. It is then 
deflected into the path^OP'. Let|>=SH be the, perpendicular 
distance from the nucleus S to the original direction of the 
oncoming particle. ' Let E, ;M, V, be the charge, mass, and initial 
velocity of the a-particle. The charge upon the nucleus of the 
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atom at S is Ze where Z is the atomic number of the atom. The 
velocity of the a-particle varies along its path. Let it^ have 
the value v at the point A, which is the closest distance; it 
approaches the nucleus at S. The particle is moving perpen- 
dicularly to SO when it is at A, hence from the conservation 
of angular momentum p . V =SA . v. Prom the conservation of 
energy the initial kinetic energy is equal tc the sum of the 
potential and kinetic energies at the point A, so that 
MV2/2=Mt;2/?+ZeE/SA 

whence ?;2=V2(1— 6/SA) where 6=2Z6E/MV2. 

With a head-on collision a particle is instantaneously brought 



Fig. 14.10 

to rest at the point where its initial kinetic energy equals the 
potential energy acquired. If this closest approach equals x 
we get MV2/2=ZeE/a;, therefore a;=2ZeE/MV2 which ; is 
identical with the value for 6 used above. As the eccentricity 
of the hyperbola is sec 6, then from the geometry 

SA==:SO+OA==j? cosec 6 (l+cos 0) 
cot (0/2) 

Thus: |)2==SA(SA-~6)={p cot (0/2)}{p cot (0/2)^b} 

therefore b=2p cot 0, 

The angle ^ through which the a-particle is deflected is 20 
herefore cot (^/2)=2j>/6, 
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It remains HOW to calculate , what will be the probability of 
the deflection of a particle through the angle Suppose the 
incident pencil of a-particles falls normally upon a thin screen 
containing atoms per c.c. The thickness, of the screen is 
small enough not to have any appreciable effect upon the 
velocities of the a-particles passing through. The probability, 
g, of an a-partick passing within a distance p of a nucleus is 
given by q^^rrp^nt Such a particle will be deflected through 
an angle greater than As q is a probability, it represents 
the fraction of the total which is deflected through an angle 
greater than and by substituting for p we get 
q:==:^7rntb^ cot^ 

Since the probability of being deflected between ^ and 
is the same as tliat of passing the nucleus within a region 
between p and p+dp 
then dq^2Trpntdp 

=|-7rn^62 <30^ {^j2) cosec2 (^/2).d<ji. 

If the total number of particles falling upon the absorbing 
screen is Q, the number deflected between ^ and will be 

N ^I’nQntb^ cot {j>j2) cosec^ (^/2) . d<l>. 

In carrying out the experiments the scattered particles are 
made to produce scintillations by falling upon a zinc blend 
screen which is always maintained perpendicular to the 
direction of viewing. By this means the number of particles, 
incident normally upon the screen, which have been deflected 
through the angle ^ can be counted. Let M' particles be 
observed per unit of area at a distance r, then it follows that 
N=277r sin 

Account is thus taken of all the particles lying between the 
cones with half angles (f> dund <f>+d(f>. The two values obtained 
for N can now he equated giving 

IrrQntb^ cot (^/2) cosec^ (<^/2) .d^=2trf2 sin 
therefore 

cot (^/2).cosec^ (<^/2) 

8r2 sm4> 

which can be rewritten as 


M' = 


cosec* (^/2). 
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Since it follows that the number of a- 

particles falling upon unit area of the scintillation screen is 
proportional to: (1) cosec^ (^/2) ; (2) t; (3) the square of 
the nuclear charge Ze; (4) inversely as V^. Geiger and 
Marsden carried out an experimental test of the theory by 
measuring the distributions of scattered particles with scat- 
tering screens of different thicknesses and of different materials* 
They found that the scattering was proportional to cosec^ (^/2), 
to t, and also to the square of the atomic weight. Since, to a 
lirs‘t approximation, the nuclear charge is proportional to the 
atomic weight these experiments verified the formula deduced 



by Eutherford and so proved that the assumptions made were 
justified. 

The exact verification of the third point above, namely, 
that the scattering is proportional to Z^, was made by Chad- 
wick, who at the same time was able to make an absolute 
determination of the nuclear charge of a number of atoms. 
In order to increase the number of observable particles 
scattered through large angles, Chadwick used a fairly wide 
annular ring of foil as the scattering screen. This subtends a 
wide cone at the source E and the scintillating screen S (see 
Mg. 14.11). The distances EA and SA are made equal,' and 
it can be shown that the number of scattered particles falling 
upon unit area at S, perpendicular to RS, is 

{Qntb'^JMr^} {log 

-fcot ^i/2 cosec < 5 i|/ 2 — cot ^ 2/2 cosec ^ 2 /^} 
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The angles and ^2 have the meamngs indicated ill Fig. I4;ll ; 
r is the mean .value of the distance between the scattering foil 
and 'the source, i,e. RP, and n, b, t have the same meanings as 
before. Q, being the total emission of particles per second 
from the source, can be determined by measuring the direct 
number of particles striking unit area of the fluorescent screen 
at S. Since the«iirect, beam is about a thoilsand times more 
■ intense than the scattered beam, it can be cut down to a suit- 
able known ratio by a rotating sector in order to give a number 
of scintillations which can be reasonably counted. 

From the above expression for the number of particles 
falling upon unit area, it is possible to derive a value for b. 
All the quantities in the formula for b are known except Ze, 
the nuclear charge of the scattering atom, hence the value 
obtained for b en&bles an absolute determination of Ze to be 
made. This method is at present the only one available for 
making an absolute determination of nuclear charge and is 
therefore important. Chadwick measured Z for copper, silver, 
and platinum, obtaining the values 29*3, 46-3, and 77*4 respec- 
tively. These atoms occupy the 29th, 47th, and 78th positions 
in the Periodic Table, the atomic numbers being therefore 29, 
47, and 78. Thus the values derived for Z by means of Ruther- 
ford’s scatter formula agree with those given by the Periodic 
Table. From this it is clear that Rutherford’s theory of 
atomic structure is upheld. It is further possible to show 
from the scattering measurements that the inverse square law 
of repulsion between the nucleus and a-particle must hold up 
to a distance of approach of the order of 10”^^ cms. This 
proves that the nucleus is minute in comparison with the 
atomic diameter which is of the order of lO'-s cms. 

Some general properties of a-particles 

All the three radiations, a, jS, and y, are able to induce 
physical and chemical changes in a number of materials. 
Glasses, crystals, and many minerals are changed in colour 
when subjected to irradiation by any of these rays,;,some being 
very sensitive indeed. ■ Glass and quartz' become brittle and 
^ mica sheets discolour and even bend if intense a-radiation is 
employed, 'The ,a-partioles are able to 'decompose water and 
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can produce -a number of chemical changes. Related to the, 
chemical activity are the well known physiological effects. 
These are largely due, however, to. the jS- and y-rays, since 
, a-particles are completely absorbed near the surface , of the 
body. The penetrating y-radiation is able . to destroy body 
cells, attacking the malignant cells more easily than the normal. 
For this reason a considerable degree of su^ceess has been 
reached in the destruction of malignant tumours by the local 
appEcation of tubes containing radium or radon. 

The fact that a-rays are able to turn mica brown has 
produced an interesting natural phenomenon. Geological 
specimens of mica are occasionally found to exhibit small dis- 
coloured areas, circular in section. Since they show the 
optical phenomena of pleochroism when examined with 
polarised light, they are called ‘‘ pleochroio 4ialoes.’’ It can 
be demonstrated that a small speck of radioactive impurity 
causes the halo. A centre dark patch is produced by the 
a-particles from radium, its radius corresponding to the range 
of these particular particles in mica. A second dark ring is 
formed by the a-particies given off by the radium A naturally 
present, whilst a third outer dark band forms, due to the 
longer range radium C' a-particles. The degree of darkening 
at any point in the range depends upon the amount of ionisa- 
tion produced. We know from Bragg’s experiments that this 
rises rapidly to a maximum near the end of the range, a fact 
which explains why distinct rings are formed and not con- 
tinuous discs. • 

It can be shown that a mica halo can be produced with as 
little as 5 xl0~^^ gms. of uranium as the central exciting 
material. Such a quantity of uranium emits only one a- 
particle every 10 hours. The observed haloes are due to the 
accumulated integrated effect over immense periods of time. 
Joly has compared the coloration intensities found in nature 
with those produced by a known very large number of a- 
particles given off' by a strong source. He was able to prove 
that ■ several hundred millions of years are needed for the 
production of natural haloes. This time estimate has proved 
to be of great value to geologists and geophysicists. 

Haloes occur ■ in many materials other than mica. Some 
samples of blue fluospar kave been found exhibiting seven 
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ringed haloes, each ring arising from aH' a-particle group with 
a distinct velocity. Artificial haloes can be produced in glass 
or upon photographic plates and are similar to those occurring 
naturally. 

Another striking property of a-rays is that they are able to 
excite luminous effects by impacting upon bodies. The 
■ scintillations aljjeady mentioned are but a particular applica- 
tion of this property. Quite a large number of niinerals and 
salts glow under a-ray bombardment. This has been utilised 
in industry, luminous paints being manufactured by mixing 
zinc sulphide with a small quantity of a radioactive body. It 
can be shown that bombarded solids not only emit light, but 
also send out weak X-rays. A phenomenon related to the 
production of scintillations is the fact that a mass of radium 
viewed in the de^rk is seen to glow. If the radium is in air 
spectroscopic examination shows that the glow consists of the 
spectrum of nitrogen. It is only due to the optical excitation 
by the impact of the radiations on the gas surrounding the 
radium. 

REFERENCE 

‘‘ Radiations from Radioactive Substances.” E. Rutherford, J. Chadwick 
and C. D. Ellis. (1930.) 
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THE p-RAYS 

Introdiietion 

Although the identity of the j8-rays given off by radioactive 
materials was established at an early stage in the development 
of the subject, their complexity made an analytical study very 
difficult. The Curies were the first to showtthat some of the 
radioactive substances emit negative ions which are much 
more penetrating than the a-particles. These are the jS-rays 
which Becquerel found easy to deflect in a magnetic field. 
This magnetic deflection proved that the rays consist of 
charged particles. In BecquereFs experiment the rays were 
allowed to emerge from a slit and after being deflected into 
circles by a magnetic field fell upon a photographic plate 
which they blackened. The plate showed, instead of a sharp 
image of the slit, a broad diffuse band. If the particles are 
assumed all to have the same mass and charge this broadening 
can be readily explained by assuming that the beam consists 
of a mixture of particles with different velocities. As a result 
of this the slower moving particles are more easily deflected 
than the faster (radius of curvature of deflection R=m-y/He), 
hence a whole band is covered by the particles. 

The nature of the charge carried by the p-ray particles was 
demonstrated in a simple manner by allowing the radiation to 
impinge upon a thick lead plate connected to an electroscope. 
The particles were absorbed by the plate and gave up their 
charges, which proved to be negative. In order to avoid any 
secondary effects produced by the total radiations given off ■ 
' by the radioactive material, the experiment was conducted in 
a high vacuum. The particles appeared indeed to behave like 
fast cathode-ray particles, that is, like high-speed electrons, and 
this identity was definitely established when it was shown that 
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the value of e/m for the ^-particles was the saBie as that for 
the electrons. 

BeterniiEatioii of ejm for the (3-ray particles 
Approximate measurements for ejm for the jS-particles were 
made by Becqugrel, but it was Kaufmann who first obtained 
an exact value and proved the identity of the electron with the 
^-particle. Kaufmaim’s experimental arrangement is siiowm 
in Fig. 15.1. A small piece of radium is placed in a highly 
evacuated vessel at the point C and the radiations from this 
are allowed to pass between the parallel plates Pj, P 2 . The 



Fig. 15.1 


plates are 0-15 cm. apart and are maintained at a potential 
difference of 6,750 volts. The rays pass through a hole in D 
a diaphragm, and then strike a photographic plate at E. The 
y-radiations are undeflected by the electric field and as the 
deflection produced on the a-rays is very small indeed with 
the field employed, these radiations result in an undeflected 
zero spot upon the photographic plate. The effect of the field 
upon the ^-particles is to deflect them to the right. The whole 
apparatus is maintained in a uniform magnetic field NS, which 
is so arranged as to deflect -.the j8-particles in a direction at 
right angles to that produced by the electrostatic field, i.e. in 
a direction ^ perpendicular to . the plane ,: of the paper. The 
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electrostatic deflection is proportional to Xejfnv'^ and ■ the 
magnetic deflection to Welmv where X, H, e, have the 
usual meanings. These two deflections are at right angles to 
each other, and if v varies continuously a parabolic curve will 
result on the photographic plate. By measuring the- co- 
ordinates for any point on the curve both efm and t? can be 
calculated, exactly as in Thomson’s determination of E/M for 
positive rays. 

Kaufmann found that the j8-particles given off by the 
source he employed had very high velocities, varying from 



2-83 X 101 cms./sec. to 2*36 xlOi® cms./sec. These velocities 
are of the same order as the velocity of light. Exact measure- 
ment proved that the deflection curve was not a tme parabola 
but of the shape shown in Fig. 15.2. For the purpose of exact 
measurement it is convenient to reverse the magnetic field in 
order to obtain the symmetrical pattern shown. The observed 
points are plotted upon the dotted line, the continuous line 
mdicating the true parabola. . The faster moving -particles are 
those nearest the origin, being the least deflected by the fields, 
and the deviations from the parabola show that ejm is not 
constant but diminishes as t; increases. , This had been pre- 
dicted by Lorentz from the following considerations. 
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A charge may be regarded as reaching out tubes of force 
into space, the tubes having energy associated with them. 
In , order therefore to set a charge and its attendant tubes in 
motion work must be done upon it. The charge lias, there- 
fore, an apparent inertial mass, called the electromagnetic 
mass. The equivalent mass of the tubes can be calculated in 
a simple manner tsince the moving charge produces a known 
magnetic field and the electromagnetic energy ^ per cubic centi- 
metre in a field H is known to be ' where ju. is the 

permeability. The calculation shows that the total electro- 
magnetic energy in space associated with a moving spherical 
charge is iie^v^jSa where is the magnetic permeability (equal 
to unity if the charge moves in a vacuum), e the charge, v the 
velocity, and a the radius. This then is equal to Mt;2/2 where 
M is the effective Electromagnetic mass, which, it will be seen, 
equals 2e^lSa taken to be 1). This mass, being inversely 
proportional to the radius, becomes important when the latter 
is small. 

However, this calculation of the electromagnetic mass is only 
valid providing the velocity of the charged particle is small com- 
paired with the velocity of propagation of electromagnetic waves^ 
that is, with the velocity of light. Heaviside pointed out that 
as the velocity becomes great the tubes of force, as it were, 
crowd together and tend to set themselves at right angles to 
the line of motion. Lorentz showed that, in effect, a con- 
traction of length takes place in the direction of motion. As a 
result of this the mass at zero velocity is increased to 
where v is the velocity of the charged particle 
and c the velocity of light. The electromagnetic mass of a 
charged particle thus increases with the velocity, but the effect 
only becomes noticeable when v is very large and indeed of 
the same order as the velocity of light, otherwise the factor 
{l—v^jc^) is indistinguishable jfrom unity: If the mass of the 
particlo IB entirely electromagnetic in origin it will increase in 
accordance with the Lorentz formula. It will be seen from 
Fig, 15.2 that Kaufmann’s results show that the mass of the 
jS-partiele increases with velocity, but the accuracy of the 
measurements was not great enough to prove whether the 
Lorentz formula was obeyed or not. 
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lEcrease of p-partiele mass with veloeity 
In order to examine the variation of mass' with velocity 
more precise measurements were 'made by Bncherer whose 
experimental method is shown in Fig. 15.3a. The source of 
^-particles, radium fluoride, was placed at A, the centre of a 
parallel plate condenser. The condenser plates Pi, ¥ 2 , 8 cms. 
in diameter and 0*25 mm. apart, were maintained at a high 
potential difference. This circular condenser was surrounded 
by a coaxial cylindrical photographic film and the whole placed 
in a uniform magnetic field arranged so that the lines of force 
were parallel to the condenser plates. A j8-particle will only 
succeed in escaping from between the plates Pi, P 2 when the 
magnetic and electric forces acting upon it are equal and 
opposite, since under any other field conditions it will be 
deflected to one or other of the plates. The jS-jiarticles being 
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emitted along all the radii of the plates, can emerge at different 
angles to the magnetic lines of force, particles with different 
velocity succeeding in escaping in each direction. Consider a 
particle with velocity v moving along a radius at an angle 6 
to the direction of the magnetic lines of force. In order to 
escape the forces acting on it must be equal and opposite so 
that 

Xe=Het;sin B, i.e, v—X/M sin B, 

From this it follows that only particles with the velocity v 
will emerge along the direction 0. If any particle with velocity 
other than v starts out from A in the direction d it will :be 
deflected on to one of the plates and will not emerge. After 
leaving the plates each p-particle is now subjected to deflection: 
by the magnetic field alone and traverses a circular path of 
; radius R =mv/He sin B, Thus from the deflection BC and the 
distance P|B,'R can be calculated for any given value of 6, ' 
Since the velocity is obtained from the value of B^ ejm can be# 
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directly determined. By reversing X and H a symmetrical 
pattern is obtained upon the photographic film, which, when 
opened out has, the appearance shown in Fig. 15.36. Each 
pair of points gives a value for ejm for a given t?. 

; Measurements by this method have been carried out' using 
particles with velocities up to 0*8 that of the velocity of light. 
At this speed the increase in mass to be expected from the 
Lorentz formula is 66 per cent, that of the mass at slow speeds. 
The, measurements have completely verified the law of increase 
predicted by theory. 

It may be noticed that if it be assumed that the mass of an 
electron is entirely electromagnetic, which the mass variation 
at first appears to suggest, then the formula m=2e^/3a gives 
an estimate of the radius of the electron when it is at rest, or 





moving slowly. The value of a can be obtained by simple 
calculation from the* e/m measured for slow-moving electrons, 
and the value of e. Since 

6=4*80 e.s.u.=l*60 xl0“^^ e.ni.u. 

and e/m = l*76x e.m.u. 

then m=r9*l X 10~28 gjf^s 

Substituting these values gives 

9*1 X 10-28 =2(1*6 X 10-20)2/3^ 

giving a = l*87 X 10-^8 ci]Qs. 

This value is only an estimate but is proved by other work to 
be of the correct order. 

fn deducing this value for the electronic radius it has been 
assumed that the mass is electromagnetic. The fact 

that the mass variation obeys Lorentz^s foimula was at first 
taken to c^mfirm this. However, it can be shown from 

of Relativity, that all moving mass, 
^ whatever its -mture, obeys the A 
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moving charge is only a special case of this more, generalised, 
law which applies to all matter. This being so, there is. no 
valid basis for assuming that all the electron mass is entirely 
electromagnetic in origin, because even a residual gravitational 
mass would increase at the same' rate as the electrical mass. It 
follows from this that the above deduction of the electronic 
radius is not necessarily rigid, and, in fact, tl^ concept of the 
radius of the electron in modern theory is by no means a 
simple one. 


The p-ray spectra 

It has already been pointed out that the j8-rays are inhomo- 
geneous, consisting of particles with different velocities. This 



lack of homogeneity is best demonstrated by the focusing 
method of Rutherford and Robinson which is illustrated in 
Fig. 15 .4. The radioactive material which is the source of 
the ^-radiation is placed upon a fine wire at S. The j8-rays 
pass through 0 a fairly wide slit which is in the same plane 
as a photographic plate EP and vertically above S. The 
apparatus is evacuated and placed in a magnetic field with the 
lines of force arranged perpendicular to the plane of the paper. 
Those ' jS-particles which have the same velocity (strictly 
speaking those which have the same momentum) are deflected 
through circular paths with the same radius and thus ' focus to 
an approximate point. The result is the production of a line 
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with a veiy sharp edge at the 'side nearer to P and this can be 
measured with great accuracy. A thick block of lead acts as 
a' shield for the photographic plate, cutting off any . direct 
radiations from S. 

By measuring OS and the distances of the focal points from 
0, the various radii of curvature can be calculated. Since for 
a magnetic defection the momentum for each 

particle can be found. As the variation of mass with velocity 
obeys a known law, the energy of each particle can be calcu- 
lated from the value of the momentum. It is usual to describe 
this energy in electron volt (c-volts) and not in ergs. 

The origin of the p-ray spectra 

Owing to the* high velocities encountered it w^as initially 
considered that the particles constituting the j8-ray spectra 
were electron groups sent out from the nucleus during a dis- 
integration. This was, however, disproved by Rutherford, 
Robinson, and Rawiinson. It was known at the time that 
y-rays can eject very high speed secondary electrons from 
atoms when they are absorbed. It was suspected that this 
might be a possible cause of the observed ^-ray spectra. The 
apparatus used to test this point was the same as that shown 
in Fig. 15.4, but the fine wire source S was replaced by a 
radon tube around which could be wrapped various thin metal 
foils. The y-rays emitted by the source ejected secondary 
^-rays in their passage through the foils. The foil thicknesses 
were sufficient to stop most of the primary electrons and to 
straggle out the remainder. No definite lines due to the 
primary rays could appear on the plate. In spite of this a 
definite line spectrum was obtained. This could only have 
arisen from secondary electrons ejected from the foil by the 
y-rays, suggesting that the ^-ray line spectra themselves have 
a secondary origin. 

Intensity measurements of the natural ^-ray spectra were 
thereupon undertaken by Chadwick and it became apparent 
that the line spectrum only constituted a small fraction of the 
total j8-ray emission. . The main emission was' in fact not in the 
form of lines, but was a continuum wffiich could be identified as 
being the true nuclear disintegration radiation by counting the 
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linmber- of particles given off from a known number of dis* 
integrating atoms. Butherford suggested that w^hen a.,, radio- ■ 
active nucleus emits y-rays 'part of this radiation is , absorbed 
by the outer electrons of the same atom, and as a result . of 
this the secondary ^-ray electrons are ejected. This process of 
interml conversion was subjected to direct test and proved to 
be correct. Ra B emits a y-ray spectrum whi|jh is marked by 
three very strong lines, amongst others. When these are 
allowed to excite secondary j8-particles from metals such as 
lead* or platinum, etc., a secondary jS-ray spectrum is formed 
which is similar to the natural j3-ray spectrum of Ra B, only 
somewhat diffuse. Since the most intense of the lines in the 
excited spectra must be due to electrons ejected from the K 
shells of the atoms of lead, platinum, etc., it is possible to 
determine the absorption energies for the cctresponding lines 
of the natural spectrum by comparing the jS-particle energies. 
These absorption energies proved to be the K absorption 
energy of the radioactive atom, so it was proved that y-rays 
from a radioactive nucleus can be absorbed in the K shell of 
the same atom and thus liberate a secondary electron. Further, 
weaker lines due to quantum conversion in the L, M, N, . . . 
shells must also occur. This therefore accounts for the com- 
plexity of the observed ^-ray spectra. 

* When a y-ray is absorbed an amount of energy equal to the 
characteristic absorption of the state in question (K, L, M, 
. . . ) is abstracted in order to eject the jS-particle and the 
remaining surplus energy reappears as the energy of the 
particle. Thus the energy of the j3-particle plus the known 
absorption energy for th^ characteristic state involved give the 
energy of the y-ray. It has been possible to identify the shells 
from w^hich the electrons are ejected in a very ' large number 
of the natural jS-ray spectra which occur. 

One point, however, has been left out in the above 
discussion. It is as follows. The K absorption energy 'effec- 
tive in the internal conversion of any: y-ray is not that for the 
element from which the disintegration particles are emitted. 
The y-ray is emitted the disintegration particle and the 
nuclear charge, and hence the K absorption energy, has changed 
correspondingly (see p. 269). 
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The iisMegratioH electrons 

Although individual sharp hues appeared at first to be the 
most obvions characteristic of the jS-ray magnetic spectrum, it 
was shown by Chadwick jfrom an •examination of the intensity 
distribution in the spectrum, that the whole region is covered 
by a diffuse continuous background, the integrated intensity 
of which is far m excess of that of the sum total of the indi- 
vidual lines. The method employed was an adaptation of the 
focus method already described, only instead of a photographic 
plate a Geiger counter or an ionisation chamber was used in 
the manner shown in Fig. 15.5. The radon source, Q, was in 
an evacuated box and the jS-rays were deviated on to the 



counter T by a uniform magnetic field. The intensity of the 
field could be varied so that successive portions of the spectrum 
could be brought on to the counter. The movable screen B 
enabled the spectrum to be cut off so that the stray radiation 
effects could be separately determined and corrected for. 

The result obtained in this experiment is shown in Fig. 15. 6, 
from w^ich it will be seen that the jS-ray emission constitutes 
an extensive continuum upon which a few sharp lines are 
superposed. The sum total intensity of these lines , is but a' 
few per cent, of the total emission. All ^-ray continuous 
emission spectra are found to be similar in their general shape 
and" are characterised by a maximum, and: a definite sharp 
upper Imit,: the , positions^o winch vary with different atoms. ' ■ 

In order to decide as to the origin of the respective line and 
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coiifcio.uous spectra it is necessary to measure tlie total number 
of ^-particles emitted. From the changes produced in atomic 
iiiiinber by radioactive transformations it is known that in. a 
j8-ray disintegration each active atom gives off only , one 
j8"particle. Thus from a known quantity of active material, 
for which the rate of transformation has 'been determined^ the 
number of jS*particles given off per second gan be calculated. 
If the ^-radiation contains more particles than this it can be: 



Fig. m.6 r 

safely assumed that the excess is due to secondary jS-parthdes 
excited by any of the radiations given off. 

A reliable method, jfree from errors due to secondary 
electrons has bean devised by Gurney for : carrying out this ■ 
ineasurement. The experimental arrangement is similar to 
that ill. Fig. 15.5, only the counter is replaced by a Faraday 
cylinder. ' The' field is altered and the whole spectrum explored . 
Gurney found" that each disintegrating Ra B atom emits 
approximately 1*25 electrons and each Ra C atom approxi- 
mately 1-05 electrons. Theoretically one expects an emission 
of one electron per atom' so that the excess must be attributed 
to the secondary electrons liberated by the y-rays. In order 
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to test tliis point Eraeleiis made a eoimt for the emission from 
Ra E ^ which ' has no y-radiation. Both the a- and ^-rays 
emitted by a source of Ra(E+F) were allowed to fall upon a 
sensitive counter and the number of particles was determined. 
The ^-rays were then deflected by a magnetic field and thus 
the contribution made by the a-particles was found separately. 
The numbers of and ^-emitting atoms present at any time 
were known in terms of the disintegration constants of the two 
bodies. The result found was M^O-i jS-particles emitted pp 
atom ofRaE. . * 

The p-ray contmuum and the neutrino 

The evidence obtained from the study of distinct a-particle 
groups and that to^be given later obtained from y-ray studies, 
shows that in the nucleus excited quantum levels exist. It 
has been found difficult to reconcile this with the fact that the 
disintegration electrons form a continuum. A difficulty 
arising in connection with jS-ray emission concerns the question 
of the conservation of angular momentum. Every atomic 
nucleus has an angular momentum associated with it (the 
nuclear spin) which is a half integral value of h/27r when the 
atomic weight is odd and a whole integral value (or zero) when 
the atomic weight is even. The j3-particle, like all electrons,, 
has a spin of {l/2),hj2i7 but when it leaves, say, an odd atomic 
weight nucleus, the remaining nucleus retains a half integral 
spin since its atomic weight remains odd. Obviously this 
destroys the conservation of angular momentum since a half 
cannot be taken from a half integral value and leave a half 
integral remainder. The same is true if the parent atom has 
an integral spin. 

It can he shown that the Yery existence of the continuum, 
without a further hypothesis, implies that the conservation of 
energy is not maintained.^ Both these- dMculties, that 
conservation of energy and of angular momentum, have been 
accounted for ' by Paulfs postulation of a new particle, the' 
neutrino.. The conception of the neutrino has been developed 
in the following manner by Fermi, ■ This particle, is 'assumed 
to have zero mass ^ to be %nchaTged^ aM':to:Mve:u spin/, 
^(1/2). ^/29t. The emission of a jS-particle is considered to be a 
double act, accompanied by a simultaneous emission of a 
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neutrino. The snm of the energies of the two particles is 
quantised and should indeed exhibit a fine stractiire similar to 
that of the a-particles. Since the theory postulates that, the 
neutrino has no charge and zero mass (or extremely small mass 
compared with an electron) we have no means at present for 
detecting it. When the neutrino is emitted with zero energy 
the jS-particIe energy has a maximum value corresponding with 
the sharp end of the continuum. Theory shows that it' is 
possible to deduce an estimate of the mass of the neutrino 
ffom the position of the maximum in the ^-ray continuum and 
also from the shape of the end of the curve near the sharp 
limit. The application of this theory to the observed curves 
strongly suggest a zero rest mass for the neutrino. 

The postulate that the neutrino and the ^-particle both have 
a spin of (l/2).A/27r leads to the retention oS conservation of the 
angular momentum. It is well to realise that the existence of 
the particle is at present only hypothetical and that it has in 
fact been introduced to maintain the conservation laws. Chad- 
wick and Lee, in an attempt to detect the neutrino, showed 
that it certainly forms less than one pair of ions in 150 kilo- 
metres of air at N.T.P., a fact which indicates the difficulty 
encountered in attempting to detect the particle. 

The scattering of j3-rays 

Owing to the inhomogeneity of the ^-radiations, the inter- 
pretation of scatter experiments, so fruitful in the case of 
a-particles, has proved to be difficult. In order to apply 
theoretical considerations it is necessary first to obtain a 

monochromatic beam of the rays hy means of a preliminary 
sorting out with a magnet. This process at the same time 
deviates the rays away from undesirable a- and y-radiations. 
As the angle through which a particle is scattered is inversely 
proportional to the square of its energy, jS-rays, being so much 
less energetic, are scattered much more than a~ray' particles. 
This means that the effective 'atomic scattering cross-section is 
relatively great, so that any observed scattering may be due 
to more than one atomic encounter. Furthermore, as the 
particles change their mass with change in velocity , . complica- 
tions arise in calculating effects to be expected. . , . 
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The first reliable scatter experiments were carried out by 
Crowther. The ^-rays from the source were first separated 
out by a magnetic field and a nearly homogeneous beam passed 
through a hole on to the absorbing screen which produced a 
scattered cone from the initial parallel beam. The particles 
were allowed to pass through a very thin screen and then into 
an isolated ionisaiion chamber where the current they pro- 
duced was measured. Various circular stops were introduced 
in the beam, enabling the number of particles scattered between 
known angles to be determined. In order to avoid secondary 
electron effects, the whole apparatus was enclosed in an 
evacuated chamber. Crowther’s results can only be inter- 
preted if multiple scattering be assumed to take place, a fact 
that can be easily verified by the cloud chamber. 

For single scatter to hold with a foil of given thickness, 
theory shows that a certain angle of scattering must be ex- 
ceeded. This condition has been achieved by Chadwick and 
Mercier using a modification of Chadwick’s method of studying 
a-particle scattering. The results found for the heavy elements 
agree with those predicted by theory. In the light elements 
the outer orbital electrons as well as the nucleus contribute to 
j8-particle scattering. Abrupt changes in direction in the 
observed cloud tracks of /S-particles, sometimes through more 
than a right angle, are direct cases of single scattering. 


The absorption of p-ray particles by matter 

Owing to the fact that the ^-particles are scattered with 
ease, both the theoretical and experimental treatment of 
absorption are difficult. The ranges of the particles are large 
(about 100 times those of a-particles) and the straggle effects 
are great. The scattering effect is so large that with gold 
foils, for instance, as much as 50 per cent, of a jS-ray beam is 
diffusely “ reflected ” by multiple scattering. Experiments on 
absorption have been carried out with an apparatus simi]a.r to 
that in Pig. 15.4, the source being wrapped in different thick- 
nesses of the absorbing material. The curves found when the 
rays from a given source are absorbed respectively by paper, 
^aluminium, tin, and platinum, etc., are similar iii .shape and 
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differences can be attributed to the different scatter effects 
which increase with the atomic weight. The end point in 
each curve is a measure of the jS-particle range. This range is 
found to increase rapidly with the speed of the particles. 

When the equivalent ranges of j8-particles with different 
velocities (expressed in terms of mass per square centimetre) 
are determined -in different absorbing media, they are found to 
fall upon a single smooth curve. From this it can be concluded 
that, to a first approximation, the particle range is independent 
of the nature of the absorber. This is only partially true how- 
ever. The absorption of the slower moving ^-particles can be 
studied from the lengths of the tracks in a cloud .chamber. 

Reduction of p-particle velocities by matter 
The reduction in jS-ray velocity produced by the passage of 
the particles through matter can be measured by the magnetic 
foQus method. A single spectrum line can be isolated and the 
velocities of the particles constituting this line determined 
before and after absorption by measuring the radius of curva- 
ture in the magnetic field used to isolate the line. It is found 
that a fairly monochromatic ’’ line not only displaces (reduc- 
tion in velocity) when the particles pass through an absorbing 
foil, but also broadens. For the purpose of measurement 
the photographic spectrum method of Fig. 15.4 is employed, 
the source being an activated wire bare for half its length and 
wrapped with foil on the other half. Two spectra are obtained, 
a displaced spectrum and a comparison spectrum, enabling the 
reduction in velocity for all the lines to be- determined with 
one photograph. If the observed decreases are plotted against 
the weight per square centimetre of the absorbing material, 
smooth curves which approximate to straight lines are obtained. 

The ionising power of the p-partieles 
The ionisation per particle can be directly measured by 
estimating the number of individual droplets (each formed 
round a single ion) in the cloud track of a jS-partiele. Such 
measurements show' that in different gases the specific ionisa- 
tion is approximately proportional to the jmmber of electrons 
in the gas molecnle, being, for instance, eight times as great in 
oxygen as 'in hydrogen. Below- a critical velocity, as may be 
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expected, the /3-particles fail to ionise altogether, but above 
this the ionisation rapidly- increases' to a maximum value.' 
After reaching the maximum, the -degree of ionisation /a& 
with increasing speed to a constant value. The maximum 
ionisation occurs at an energy of about 1,000 c-volts, more 
than 1,000 ions being formed per centimetre in air at N.T.P. 
Very high speei jS-particles produce only about fifty ions per 
centimetre under the same conditions. 
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THE Y“RAYS 

The Y-ray s 

The y-radiations were discovered some time after the 
existence of the a- and jS-rays had been established. The 
striking property they exhibit is their great power of pene- 
trating even dense matter. The corre^onding ionisation 
effects are relatively small, although the rays were first dis- 
covered by their ionisation properties. It was noticed that 
even a 30-cm. shield of iron failed to screen away some of the 
radiations from radioactive bodies. This penetrating radia- 
tion could not be deflected by the strongest available magnetic 
field, suggesting that it did not consist of charged particles. 
The radiation behaved like X-rays of extremely short wave- 
length. The high degree of penetration indicated that the 
.wavelength was much smaller than that of even the hardest 
known X-rays. These y-rays were found to blacken a photo- 
graphic plate, and if sufficiently intense to induce phosphor- 
escence on a fluorescent screen. 

Wavelengths of the yws 

If the y-rays are very short electromagnetic waves, it should 
be possible to measure their wavelengths by the use of a 
crystal as a diffraction , grating precisely as has been done 
with X-rays. Eutherford and Andrade were the first^ to apply 
this method, using the simple and effective arrangement 
shown in Mg. 16.1. In these experiments a difficulty arises 
owing to the glancing angle being only of' the order of a few 
degrees because' of the extremely short' wavelength. In 
Pig. 16. 1, A is the source of y-radiation and BO a large crystal 
of rock salt. At DE a photographic plate is set up. The rays 
from A strike 'BC at all angles of incidence, but for certain' 

266 



■260 IKTEOBUCTIOK TO ATOMIC PHYSICS 

angles^ reinforcement will take place, as in tlie case' of' the' 
X-ray crystal method. These regions of reinforcement; which 
effectively constitute spectrum lines, will appear as Maokenings 
upon the photographic plate. From the positions of the lines 
and the known spacings of the atomic layers . in the rock-salt 
crystal, the wavelengths of the y-rays can be calculated. If 
the radiations ar^ not homogeneous each wavelength auto- 
matically selects out the correct angle for reflection. 

Later workers have adapted the standard X-ray oscillating 
crystal method to y-ray measurements. The radiations from 
a strong source are passed between a pair of plates about 
50 cms. long. The plates are maintained at a potential differ- 
ence of several hundred volts so that any j3-rays given off by 



tlie source will be deviated away. When a strong y-ray source 
is employed the distance between it and the photographic plate 
can be increased to about 150 cms., enabling a higher dispersion 
to be attained. A large rock-salt crystal is slowly oscillated 
(2° in 24 hours). Some sources have more than 40 lines in 
the emitted y-radiation. The observed wavelengths vary 
widely, those from RaB and RaC extending from 1,323 to 
16 X.TJ. (The X.IJ, or X unit, is one-thousandth part of an 
angstrom, that is, I.IO”!! cms.) 

There are four distinct methods by which the y-radiations 
can be studied in general, namely, crystal reflection, absorp- 
tion, excited secondary electron spectra and natural j8-ray, 
spectra. The crystal reflection method has only a very limited 
application since it requires very strong sources. The absorp- 
""tion method gives very little information about wavelengths. 
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In the excited electron method, the y-rays are allowed to fall 
upon a sheet of metal and the velocities of the ejected electrons 
measured, from which the wavelengths of the exciting y» 
radiations can he calculated. This method 'also requires 
strong sources. As the natural j8-ray spectra of radioactive 
bodies arise from the conversion of y-radlation, an analysis of 
the jS-ray spectrum enables the y-ray wavelengths to be 
deduced. This method has a wide general application. The 
energy of a jS-ray line is first determined, and then the fine is 
identified with a given electron level of the atom. The. known 
absorption energy for this level is then added to the observed 
energy of the ^-particle coming from the level, and this gives 
the energy of the exciting y-radiation {liv). 

• 

The absorption and scattering of y-radiations 
The reduction in intensity which is produced when a beam 
of y-rays passes through matter is partly caused by scatter 
and partly by absorption. The true absorption will obey a 
logarithmic law if the radiation is monochromatic. Then 
the intensity , after passing through a thickness of material cu, 
will become E=Eoarp(— pa;), p being defined as the absorp- 
tion coeificient. Most y-radiations are heterogeneous, but if 
increasing thicknesses of absorbing material are placed before 
a source, a stage is reached at which the softer rays are aU cut 
out, only the hardest ray remaining. This is monochromatic, 
experiments showing that it exhibits true exponential absorp- 
tion. This can be extrapolated back to zero and by subtraction 
the exponential of the next hardest component can be obtained. 
This process can be repeated in a manner similar to that used 
by Bragg in separating the effects due to a-partiele ionisation 
in a complex ease. By this means a series of absorption 
coefficients for the individual components of a complex y- 
radiation can be calculated, but the method is clearly not very 
reliable, the effective resolving power being low. This process 
has, however,' revealed the fact, that the total y-tadiation con- 
sists of hard, medium, and soft y-ray s' given off by the nucleus, 

■ together ' with some characteristic X-rays of the outer electronic 
^systeUKof the radioactive atom. These characteristic X-rays 
arise from the. interaction of the nuclear y-rays and the 
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electronic system of the atom through which they pass after 
leaving' the miolens. 

When.y-rays are scattered by electrons, , part of the, scattered 
. radiation suffers a wavelength change in accordance with the 
Compton effect. This complicates the investigations. Many 
theoretical attempts, have been made to deduce a law of 
scattering, that of Klein and Nishina being most generally 
applicable. All the proposed theories assume that each 
electron in an atom has the same scattering effect, so that a 
scatter coefficient per electron is calculated. The scattering 
for the whole atom is taken to be Z times this, Z being the 
atomic number. 

The determination of absolute values of absorption coeffi- 
cients is difficult, due in part to the non-monochromatic nature 
of the radiations and in part to the fact that the actual 
ionisation depends not only upon the intensity but upon the 
wavelength too. Observation proves that the reduction pro- 
duced in intensity by the passage of the rays through the ligrM 
elements is almost entirely due to scatter, true photoelectric 
absorption of a y-ray quantum being very infrequent. For 
the heavy atoms the photoelectric absorption per electron can 
be measured by subtracting the scattering for each electron 
(as determined with the light elements) from the total observed 
reduction in intensity. 

Experiments on the direction of the scattered radiations 
show that the scattering predominates in the forward direction. 
Further, in accordance with the Compton effect laws, the 
greater the scatter angle the softer is the scattered radiation. 

The y-ray s are not only spontaneously produced by the 
radioactive bodies but can also be excited by impact. When 
jS-r-ays strike atoms, a continuous y-radiation is emitted, the 
amount increasing with the atomic weight of the target, 
a-particles are also able to excite y-rays by nuclear collision. 

The energy given out in the form of y-rays in the radioactive 
transformations of radon 'and its short-lived products is only 
about 7 'per cent, of the total energy involved. This ' was 
proved by Rutherford .and Eobinson ' who ■ measured the heat 
produced by, the absorption of the: a- and ^-rays, by means of 
a -walled calorimeter, which, , being practically transparent 
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to the y-radiatioBs, allowed these to pass oat. The heat 
measaremeiits were then repeated with a ^Aic/^j-walled calori- 
meter which absorbed a known fraction of the y-rays. 


The aet of emission of y-ws 

The y-rays are uamlly emitted by those atoms which also 
exhibit ^-ray disintegration and it is important to determine- 
whether the act of emission of the y-radiation occnrs before or 
after the disintegration electron has left the nucleus. One method 
of deciding this is as follows. In a jS-ray spectrum two groups 
of lines are identified as arising, say, from the K and the L 
levels of the outer electrons. The difierence of the energies of 
these lines is the difference between the absoiption energies of 
the K and L levels. However, this difference between K and 
L absorption energies can be determined for any atom from 
the X-ray spectrum, which shows that the K — difference is 
not the same for the parent atom and the atom produced by 
disintegration. Measurements on the j8-ray spectrum show 
that the y-ray (which produces the j8-ray spectrum by con- 
version) is only emitted after the parent nucleus has changed, 
i.e. after the disintegration electron has been sent out. 

A different method of investigation which leads to the same 
result is afforded by the study of the secondary X-rays which 
accompany a disintegration according to the following 
mechanism. The j3-ray Hne spectrum is produced by the 
ejection of outer electrons because of the internal conversion 
of the y-rays in the K, L, M, . . . states. It follows that an 
electron can fall back into one of these empty states after the 
jS-particle has left, and in doing so a line of the characteristic 
X-ray spectrum is emitted. , ,If the wavelength of this line is 
measured, the atomic nuniber of the emitting atom can be 
determined. Rutherford and Wooster appHed this method to 
the' L fines of the X-ray spectrum of RaB, using the' crystal 
method for the wavelength determination, and found that the : 
atomic number to which the fines correspond was 83.. Since 
Ra B disintegrates from an atom of atomic number 82 to one 
of ' atomic number 83 it was proved that the y-ray was emitted 
after the disintegration. 
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The fact that the y-rays are given off after the disintegration 
electron has been ejected implies that the loss of the electron 
has left the remaining nucleus in an excited state with a 
surplus of energy above that required for equiMbrium. After 
a very short, but finite, interval, the nucleus returns to -a more 
stable condition and in doing so emits its surplus of energy in 
the form of a^ quantum of y-radiation. Ellis first suggested ' 
that the different frequencies in the y-radiation given off by a 
radioactive material can be accounted for on the supposition 
of a number of excited energy levels in the nucleus. 

Nuclear energy levels 

The first key to the study of nuclear excitation levels lay in 
the simple additive relationships found in the measured 
frequencies of the y-rays emitted by some of the radioactive 
bodies. These relationships imply the existence of transi- 
tions between excited levels within the nucleus, a fact which 
can also be deduced from the fine structures which have 
been observed in the a-particles. Th C" affords an excellent 
example of the types of excitation levels met with. The 
p disintegration of Th B results in Th C which then emits 
an a-particle leaving behind ThC", which has a y activity. 
The a-particles given off by Th C exhibit a fin© structure, and 
on the basis of this, together with the additive relationships 
existing in the ThC" y-ray frequencies, a group of nuclear 
excitation levels can be built up. 

The excitation levels deduced for Th C'' are shown in 
Fig. 16.2. The levels, and their energy values, are shown by 
the horizontal lines, the vertical lines representing the y-ray 
transitions between them. A transition takes place when the 
nucleus readjusts itself from one excited state to another (the 
normal state being included amongst these). It is evident 
that a number of numerical relationships will occur, such as, for 
instance, the energy difference between the lines A— B equals 
that between C — 1> and between E — ^F, whilst that between 
C — E equals that' between D — F, etc. This arrangement : of 
levels is analogous to the term schemes found in optical and 
X-ray spectra. It' has been found possible to link up: the 
observations with theoretical deductions concerning the spins 



XHis y-BAYS 271 

ol tlie nuclei, and it can be shown that the' spins associated 
with the respective excitation levels introduce a selection rule. 
As a result of this only certain transitions are allowed, as will 
be gathered from the diagram of the Th C" levels. 

It will be seen that the ten observed y-ray energies require, 
only six excitation levels in order to be fitted into a term 
scheme. These same levels successfully explain the fine 
structure of the associated a-particles also. ' Ellis has shown 
tha|} the fifty-eight observed y-rays of Ra C' can be accounted 
for as transitions between twenty-four excitation levels. In all 

Spins 



cases the excitation levels within the nucleus are quantised 
states, and the reversion of the nucleus back to the normal state 
with the accompanying radiation of a y~ray quantum, is analo- 
gous to the emission of an optical or X-ray spectrum line by an 
excited atom. The existence of these nuclear levels has an 
obvious important bearing upon theories of nuclear structure. 

General effects of a p-particle disintegration 
The secondary effects which occur when a jS-particle is 
emitted from a nucleus and this is followed by y-radiation can 
now be summarised. In general the nuclear j8-particles leave 
in the form of a continuum^ that is, they have varying velocities. 
This fact 'has been accounted for by assuming the existence of 
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the neutrino, ' The ntioleBs when it is left in an unstable ■ con- 
dition after the departure of the j8-particle, reverts back to 
a more stable state, the surplus energy being radiated as a 
y-ray. This it may do in a number of ways and it follows 
that the total y-ray emission from a large group of atoms is 
not monochromatic, bui? consists of a number of distinct wave- 
lengths related tOfthe excitation energies. 

Some of the y-rays, in their passage through the outer 
electron system of the atom which has radiated them, eject 
high-speed electrons from the K, L, M, etc., shells and these 
constitute the electrons giving rise to the ^-ray line spectrum. 
As the, y-rays have each a definite energy, ■ , and as a fixed 
amount of energy ' (the absorption energy) is required to 
liberate' each K, L, M, etc., electron, the energy of each 
secondary electron is defiiEiite, being the difference between 
that of the incident y-ray and that of absorption. It is this 
fact which results in a definite line spectrum and not a 
continuum. The atom having emitted an electron (or perhaps 
a number of electrons) from the K, L, M, etc., shells is now in 
a state enabling it to radiate a line of its characteristic X-ray 
spectrum. A further minor complication can arise 'from the 
possible internal conversion of this characteristic X-ray 
spectrum within the atom,, the result being the production of 
a weak secondary ^-ray line spectrum, the energies of which 
are considerably lower than those due to the primary y-rays. ■ 
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.COSMIC lADIATION : THE POSITBOl AID THE 

MESOM 

Historical 

The study of cosmic radiation has proved to be of immense 
scientific interest and importance, having added considerably 
to onr knowledge of atomic nuclear structure and being instru- 
mental in the discovery of two new particles, fundamental in 
the same sense as electrons, neutrons, and protons. The 
origin of the study of this form of radiation goes back to early 
observations made in 1900 by Elster and Geitel and by Wilson 
upon the residual leaks of electroscopes. These investigators 
noticed that electroscopes always exhibit a small residual leak, 
no matter how excellent the insulation might be. The amount 
of leak was considerably reduced when the electroscopes were 
shielded with metal plates, proving that the larger portion of 
the leak is due to some sort of external radiation. Experi- 
ments carried out over deep lakes showed that most of this 
external radiation came from radioactive impurities in the 
earth. 

These early investigations remained undeveloped until 1911, 
when Hess pointed out that the leak-producing radiation 
should diminish considerably on taking an electroscope to a 
great height in a balloon if all the radiation came from the earth. 
To test this crucial point he took ionisation chambers to a 
height of 5,0CN} metres in balloons. As expected, the ionisation 
at first, began , to decrease, but at 2,000 metres it reached a 
minimum in intensity and then started to increase steadily with 
height. To account for this increase it is^ necessary to assume 
that some form of penetrating radiation comes to the earth 
, from mtside. It is partially absorbed by the atmosphere and 
is thus more intense at higher altitudes. Hess further noticed 

« 
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that the intensity of the oncoming radiation was the same 
during the day and night, and also during a solar eclipse. 
This suggested that the sun was not the source, and as the 
radiation appeared to be coming uniformly from outer space 
it was called ‘‘ cosmic radiation,^’ 

The height to which a manned balloon can ascend is limited 
to about 18 Kms., even when special precautions are taken, 
hence, . to extend observations, Regener instigated ■ and 
developed the sounding balloon method of investigation. 
Automatically recording instruments, specially designed to 
withstand shock and to be as light as possible, are sent up in 
small sounding balloons. Quite a considerable fraction of 
these are recovered and by this means investigations have 
been carried up to a height of 30 Kms. All the observations 
prove that a steady stream of ionising radiation is pouring 
on to the earth from outer space. 

The absorption of cosmic radiation 

Many investigators have contributed to the measurement of 
the absorption of cosmic rays by the atmosphere. Representa- 
tive results are shown in Fig. 17.1 which illustrates the variation 
of ionisation with atmospheric pressure. As at a height of 
30 Kms. the pressure is only about 1 per cent, that at sea level, 
in effect most of the atmosphere has been investigated. The 
ionisation reaches a maximum and then begins to fall. 

Alongside with investigations of absorption carried out at 
great experiments have also been made under relatively 

great depths of water. Regener measured the absorption of 
cosmic rays in water by lowering strongly built ionisation 
chambers in Lake Constance to 280 metres below the surface. 
At this depth the ionisation is so small that the chamber must 
be mad© as sensitive as possible. The bigger the volume of 
the chamber the greater is the chance of being struck by 
ionising radiations. Regener’s ionisation chamber had a 
capacity of 39 litres and was filled with carbon dioxide at a 
pressure of 30 atmospheres, since the more atoms present per 
cubic centimetre in the chamber the greater is the ionisation 
produced by each cosmic ray. 

The observed intensity -at - the bottom of Lake Constance is 
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only 1 per cent, that at the surface, and about 10,000 times 
weaker than that at 16 Kms. above sea-level. More recently, 
Clay, and co-workers have extended the water absorption 
measurements, down to 440 metres and work in mines at 
depths equivalent to 1,000 metres of water, still show traces 
of radiation. The striking penetrating power of the radiation 
is evident when the degree of absorption is compared with 
that of very hard y-rays. The Th C''y-rays,‘’with an energy 



of 2*6 x10*^ e.v. arc reduced to 0*5 per cent, of their initial 
intensity after , passing through 1*5 metres of water, yet cosmic 
radiation, after passing through 280 metres of water, has : still 
an intensity I per cent, that at the surface. The penetrating 
power is so great that it is necessary to assume that some of 
the rays have energies exceeding 10^ ^ e.v. Other evidence 
places the energy still higher . 
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Tie geograpMeal distribution of eosmie rays 
It was only after many expeditions lad been made to 
various parts of the world that the existence of variation of 
cosmic ray intensity with geographical latitude' was established* 
The investigations of Compton and his co-workers are typical, 
illustrating the amount of work that has gone into unravelling 
the effect. In ^933 Compton organised ten expeditions, each 
of' which measured the radiation at a large number of places 



between the geographical latitudes 46° S. and 78° N. At each 
observation station measurements were made at heights 
between sea-level and 6,000 metres. Some of the combined 
results from all the expeditions are shown in Fig, 17 . 2. ' Each 
of ; the three curves exhibits the variation , of cosmic, ray 
intensity with geomagnetic latitude (the latitude referred to 
the magnetic equator).. The lower curve' is for sea-level, the 
middle for measurements made at a height of ' 2,000' metres, and 
the upper .for 4,360 metres. . At all altitudes ' the , ionisation 
remains constant from the pole down : to 49°, at which point 
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there is a sudden drop in intensity^ and the decrease continues 
to the equator. At sea-level the drop amounts to 12 per cent, 
but at higher altitudes It is more than 40 per cent. 

In the expeditions Just described free sounding balloons ' 
were employed. In addition to this, investigations in the 
stratosphere have been made by manned balloons up to a 
height of 18 Kms. In this type of investigation, 'first under-' 
taken by Piccard, the observers must be encased in a, sealed 
’ gondola. In one flight Cosyns drifted across Europe at a height ■ 
of Kms. and found the cosmic ray intensity to remain con- 
stant down to 49° N., after which it dropped suddenly. These 
measurements confirm those made by the sounding balloons. 

fariatioB ©f cosmic rays with time 

The absorption curve for cosmic radiatioi^^ is not a simple 
exponential, implying therefore that the radiation is not of 
one type but mixed. It is possible, by the aid of screens of 
lead about 10 cms, thick, to cut out the softer incident rays 
leaving behind a component which is extremely penetrating 
indeed. By this means the two types of rays can be separately 
studied. Experiments extending over many years show that 
there is a small diurnal variation in the softer component, the 
intensity at midday being a few per thousand higher than 
during the rest of the day. On the other hand, the intensity 
of the penetrating component is practically constant. The 
constancy of these rays with time strongly suggests that the 
radiation does not come from the sun but is arriving uniformly 
on the earth from all directions. 

The uniformity of incidence of the radiation introduces 
certain difficulties regarding its origin. At first sight it appears 
that the stars in the galactic system cannot be the source 
since the distribution of the latter is far from uniform. The 
possibility stiU remains that they are produced there and are 
smeared out into uniformity by stellar magnetic fields in space. 
The origin of the radiation remains at present unknown. 

The nature of eosmic rays 

As long as the ionisation chamber alone was used, little 
progress was made in discovering the nature of cosmic radia- 
tion. ' Two new powerful methods were developed and with ^ 
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these the advance in recent years has been, remarkable. The 
first of these ne,w methods utilises Geiger-Miiller counters. If 
two or more counters are connected so that a record is only 
made when all the counters in the set are simultaneously dis- 
charged, this arrangement, called a coincidence counter mt, 
becomes a very powerful weapon for the study of cosmic 
radiation. Thu^ when two counters are set vertically above 
each other, some distance apart, only the ionising particles 
coming down in a vertical direction can be recorded. In effect 
a cosmic ray telescope has been constructed, and as it can be 
pointed in any direction, the angular incidence of the rays 
can be investigated. Ionisation chambers on the other hand, 
can only record the total radiation incident in dll directions. 
By various groupings and arrangements of multiple counter 
sets any particillar desired solid angle of incidence can be 
studied. A great deal of extremely valuable information has 
been accumulated by sending up counter sets in sounding 
balloons. 

The investigations made show that the rays travel in nearly 
straight lines. By interposing absorbing screens between the 
counters and applying the theory of absorption for charged 
particles it can be proved that the energies of the incident 
corpuscles are very high. This point will be discussed later. 

An important result derived from counter coincidence set 
observations was the discovery of the azimmih effect. By 
pointing counters to the east and the west it is found, particu- 
larly at high altitudes and near to the equator, that the rays 
arriving from the west are more frequent than those coming 
in from the east. As will be shown later, this fact is an 
indication that a large number of the incident particles are 
positively charged. 

Although both the ionisation chamber and the counter 
method have yielded valuable information, the most powerful 
weapon for the study of cosmic rays is the Wilson expansion 
chamber, particularly when used in the method developed by 
Blackett. The passage of a high-speed ionising particle 
through an expansion chamber creates a track of ions, , and if 
the expansion .takes, place a very short interval after the 
passage of the particle a fine line track of droplets is produced 
and can be photographed. Normally cosmic rays are passing : 
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through any chamber at fairly regular intervals, and if random 
expansions are made an occasional cosmic ray track will be 
observed. A re-examination of some of the very early photo- 
graphs taken by Wilson show cosmic ray tracks, which had 
not then been recognised as such. 

Clearly the study of cosmic ray tracks by means of random 
expansions is inefficient, slow, and laborious. This difficulty 
has been overcome in a very elegant manner by Blackett with 
the apparatus now to be described. 

The Blackett eoimter-coiitrolled expansion chamber 
The details of the apparatus are shown in Kg. 17.3. If 
v^ery sharp tracks are required the piston producing the expan- 



Fig. 17.3 

sion must move very rapidly. It must therefore be very light 
and not subject to severe constraints. The piston A is made 
of aluminium alloy and together with the piston rod weighs 
only 280 gms. The observation chamber is made gas-tight by 
means of the flexible rubber diaphragm B. Both the chamber 
to the right of A and the space G to the left of A are filled with 
a gas: at a pressure of 1*7 atmospheres, the valve E being closed. 
The amount of expansion is controlled by altering the position 
of the nut ' H which limits the stroke of the piston. The / valve 
E is' very light and moves back at high speed when' released 
by a trigger which is 'pulled automatically .in a manner to be 
described later. ' When/ the 'trigger is released the excess 
pressure of 0*7 atmospheres drives back the valve E and the 
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air under the piston rushes out. With this arrangement the 
piston takes only 0‘005 seconds to complete its stroke. 

The details discussed above, are 'concerned only with 
improving the definition, the main novel departure lies in the 
use of the counters. CC are Geiger counters placed directly 
above and below the expansion chamber. They are connected 
up so that a discharge only' takes place when an ionising' 
particle passes through both. Such a particle must also pass 
straight through the expansion chamber; being right in* the 
field of view. By a system of amplifiers the current registered 
in the counters by the passage of a particle is made to operate 
a relay which pulls the trigger and sets the piston into 
motion. At the same time the chamber is illuminated and the 
resulting track photographed. Measurement shows that the 
expansion is completed within 0‘01 second after the arrival of 
a particle. By this means 75 per cent, of the expansions 
which take place are actually due to cosmic ray particles. It 
is clear that this beautiful method is rapid and economical. 

In order to measure the energies of the particles passing 
through the chamber the latter is maintained in a very strong 
magnetic field. By means of a large electromagnet weighing 
11 tons a uniform field of 14,000 gauss can be maintained over 
the wh ole area of the expansion chamber. Some of the incident 
particles are so energetic that even this high field fails to 
deflect them into an observable curvature. Special pre- 
cautions require to be taken to avoid distortions in the photo- 
graphic lenses or in the tracks (because of gas currents). The 
tracks reproduced in Plate Va are those observed with a field 
of 14,000 gauss imposed upon particles with energies 5x10® 
and 9x10^ e.v, respectively. Special optical methods have 
been devised by Blackett for measuring the very slight 
curvatures encountered. 

The effect of the magnetic field of the earth upon eosmie rays ■ 
When high-speed electrically charged particles enter the 
magnetic field of the earth, they suffer deflection. The theory 
of this effect has long been studied with reference to the 
electrons, given off by the sun- and the manner in which the 
auroras are produced. The extreme penetrating power of 
cosmic ray particles is' proof of the high energies involved. It 
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is possible to calculate the orbits of high-speed particles in the 
magnetic field of the earth. The calculations made for .: the 
aurora by StOrmer were first applied to eosmic ray phenomena 
by Rossi, and Stdrmer, then developed in detail by Lemaitre 
and Vallarta with the following results. 

All particles with energies exceeding e.v. can effec- 

tively overcome the influence of the earth field and can reach 
all parts of the surface of the earth, no matter w}ia,t be the , 
direction of incidence. Particles with less energy than this 
are deviated so that there is a forbidden zone of latitudes, say 
between AjN and A^S, which, they cannot reach at all, and a 
second zone in each magnetic hemisphere, say between A| 
and Ag, any point of which they can reach only in a given 
range of directions. For latitudes higher than Ag in each 
hemisphere the particles can reach the outer layers of the 
atmosphere in all directions. Clearly, as the energy of the 
particles decreases A j and Ag increase. 

It will be remembered that observations upon the distribu- 
tion of the cosmic ray intensity over the surface of the earth 
show a very marked sudden decrease in intensity at latitude 
49®. The theory shows that Ag for particles with energy 
2-4x10^ e.v. has this critical value. The reduction in inten- 
sity at this point implies that the incident radiation is mixed, 
consisting of particles with energy greater than 2-4x10^ e.v,, 
and the fact that some particles manage to arrive near the 
equator implies that energies exceeding 6 x 10^^^ e.v. also occur. 
This concluBion has been confirmed in a more precise manner 
by Blackett who has carried out extensive measurements upon 
the energies of cosmic ray particles by means of his counter 
controlled chamber in a magnetic field. It is now considered 
that owing to the sun’s magnetic field,, there are no incident 
.primary pariicles with energy below 3x10^ e.v. and the' con- 
stan,cy.,of intensity at latitudes greater than 49®, at' all altitudes, 
supports .this' general vie'W. 

The' azimuth effect , already described, is produced also , by 
the earth’s magnetic field. If the incident particles consist of 
an e-quai mixture of positive and negative, particles, there will 
be w azimuth effect, but if one type of charge predommates, 
the result of the direction of -.the earth’s field is to produce an 
increase in' intensity either from' the east or the west according 
to whether there is an excess of negatively or positively charged' 
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primary particles respectively. The observed azimuth effect 
shows tha<t the incident particles contain more positive than 
negative charges. 

Although 2 x e.v. is the present limit for which energies 
can be measured in the expansion chamber, there is strong 
indirect evidence that some incident particles have energies a 
thousand times, and possibly a million times, greater than this. 
Such enormous enei'gies are unknown in any other field of 
physics and are very much greater than those met witli in, 
radioactivity, which are •of the order of 10® e.v. For this 
reason the study of cosmic rays is of 'very great importance, 
since projectiles with energies of a very high order are now 
available for observational purposes. 

The positron 

A fundamental discovery arising from cosmic ray investiga- 
tions was the detection in 1932, first by Anderson and later 
independently by Blackett of a new particle, the positron. It 
was noticed that among the cosmic ray tracks photographed 
with an expansion chamber in a magnetic field, were some 
identical with those produced by fast electrons, but deflected 
by the field in a direction opposite to that expected' for a negatively 
charged particle. The tracks appeared to be produced by 
'"positive electrons.^^ These particles are now called positrons. 
Their existence is shown in a very striking manner by the 
interesting cosmic ray phenomenon known as cosmic ray 
showers, discovered by Blackett and Occhialini with the counter 
controlled chamber. A typical shower is shown in Plate Vc. 
It consists of a group of tracks originating from a point out- 
side of the chamber, usually in the massive metal parts of the 
apparatus. Since the cloud chamber is in a magnetic field the 
tracks are curved. Each shower consists of an approximately 
equal number of positively and negatively charged particles, 
since the curvatures of about half are in an opposite sense to 
those of the rest. From the energies and amount of ionisation 
it can' be concluded that the tracks are due to positive and 
negative electrons. It is. clear that the shower must originate 
in a definite' small region,' a fact which decides the direction 
" of motion: of the' shower particles. ^ direction, of 
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curvature unambiguously fixes the sign of the charge. Shower 
production will be discussed in more detail later. 

After its discovery in showers it was found that there. are 
other sources of positrons. When hard y-rays, are absorbed 
by matter the , quantum of radiation is sometimes completely 
absorbed by an atom which simultaneously emits a positron and 
a negative electron. This phenomenon is called pair proclmtioii, 
and if the absorption takes place in a cloiil chamber main- 
tained in a magnetic field a paired track is seen to come from 
the atom absorbing the quantum. Similar pairs are also, 
sometimes seen in cosmic ray photographs. The Plate Vb 
( reproduced by permission of Professor Blackett) is an example 
of pair production in a magnetic field. 

The harder the y-radiation the more effective is it in 
producing positrons. The positron yielc? also increases 
with the atomic number of the atoms which are struck. 
The positrons created by this process of conversion of 
y-radiation have approximately the same energy, no matter 
what the absorber may be. This suggests that the pair 
production does not arise from a nuclear interaction but 
occurs in the Ooiilomb field, a fact in agreement with theoretical 
prediction. 

Pair production by absorption of y-radiation is a remarkable 
phenomenon, for here there is a complete iransformation of a 
quantum of radiation into matter (electrons and positrons) . The 
converse process, the annihilation of a positron and an 
electron which have come together has also been observed. 
In this case “ annihilation radiation '' emitted and can be 
detected. 

Many sources of positrons are available. When light 
elements are bombarded -with a-rays, pair production some- 
times results, due probably to the internal conversion of the 
y-rays given off after the nuclear collision. The most copious 
supplies, however, can now be obtained from artificially pro- 
duced radioactive substances, ' the properties of which' will be 
discussed in a later chapter. In these only positmns, /and 
not pairs, are ejected. These are emitted from: the nuclei of 
the atoms' concerned, not from their outer electron systems 
(inter-action Coulomb field) as 'is, the case, in pair 

'production. ,: 
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The mass of the positron 

Strictly speaking the cloud tracks attributed to positrons 
only' indicate the fact that the charge, is positive and that the 
amount of ionisation is similar to that produced by an electron, 
being the same to within 20 per cent. The latter fact shows 
that the charges of th© electron and positron are approximately 
equal. The mass^is best estimated by observations made upon 
pairs produced by the absorption of y-rays of known energy. 
Suppose that a y-ray of energy E creates two oppositely 
charged particles of masses and At the instant of 
creation the particles are ejected with energies and 
respectively. It is known from the Relativity Theory that, if 
c is the velocity of light, an amount of energy equal to mc^ is 
required to create a mass m. As the original y-ray energy is 
used up in creating the particles, the surplus reappears as the 
kinetic energy. It follows then that 

Since the y-ray energy E and the electron mass are known, 
the positron mass can be calculated if the kinetic energies 
of the particles 6+ and c- are measured. The particle energies 
can be derived from track curvatures in a cloud chamber 
maintained in a magnetic field, if values of charge and mass 
are assumed- 

It is not always possible to measure both members of a pair 
with the same accuracy and in this case a slight modification 
of the method can be used. Suppose the positron and electron 
masses are equal, then by numerical substitution we get 
XlO® e.v. If the 2*62x10® e.v. y-radiation 
from Th C" is used to produce the positrons it follows simply 
that 6^,+e^H2'62xl0®---l*01x l0®) e.v. =1*61 X 10® e.v. It 
is clear that the maximum energy a positron can acquire under 
these conditions occurs when the electron energy is zero. 
Thus, if the masses of the electron and positron are identical, 
no positron will have an energy exceeding 1*61 x lO® e.t?. 
Anderson first pointed out that these methods would give a 
value for the positron mass. Chadwick, Blackett, and 
Occhialini, who measured the energies of a large number of 
positrons, finally found that m 4 .=(l* 02 ri: 0 * 10 )m_. Within 
experimental error it is therefore proved that the positron and 
electron are identical except as regards charge. 

- When a statistical distribution of the energies of the positrons 
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aEci electrons in pairs is carried out, it is found that for a 
number of cases the 'positron energy is greater than the electron 
energy. This is because the pair of particles is created in the 
neighbourhood of an atomic . nucleus which is positively 
charged. If both the particles are generated with the same 
amount of kinetic energy, the positron, \)eing repelled by the 
nuclear field, acquires an increased energy, whilst the electron, 
being attracted, has its kinetic energy reduced. 


The nature of the positron 

Some of the fundamental properties of the positron can be 
derived from the application of conservation principles. Since 
an electron and positron are created by the disappearance of 
a quantum which has no charge, it is clear from the fact that 
the charge is conserved that the electron and positron charges 
must be equal and opposite. The derivation of the positron 
mass from the principle of the conservation of energy has 
already been discussed. A further property can be derived 
from the conservation of angular momentum. It is known 
from spectroscopic and specific heat studies that the electron 
has an angular momentum equal to (1/2).A/27 t. For angular 
momentum to be conserved the positron must have a spin 
numerically equal to this^ for there is evidence that a radia- 
tion quantum cannot have a half integral spin associated 
with it. Hence the charge^ mass, and spin of the positron are 
known. 

The experimental detection of the positron has been a 
triumph for Dirac^s theory of the electron, which had predicted 
the existence of the positron long before v it was discovered. 
Dirac had applied the quantum mechanics to the derivation 
of the wave equations for an electron moving in an electric 
field. By taking into account the effects due to relativity a 
theoretical explanation for the electron spin was obtained. 
However, the complete solutions to Dirac’s equations resulted 
in .electron states with positive kinetic energy and negative 
kinetic energy. According to the tlieor j, transitions bettoeen 
these states should take place, but since such transitions did not 
appear to be observed in nature, Dirac inferred that practically 
i all of the predicted negative energy states are usually filled up. 
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He was able to show that if a '' hole ’'.occurred in one of these 
negative energy states, i,e, if one were tinoccupied, this hole '' 
would correspond to an observable particle, ■ Such a- particle 
would have the ' same mass and spin as an electron but would 
have a positive charge. In fact, such a hole ’’ would be a 
positron. ♦ ' 

It is of interest' to inquire why the positron remained un- 
detected for so Vng. The answer was given by Dirac who 
showed that, owing to the fact that a positron tends to xush. 
towards an electron with resulting annihilation of both, "the 
mean life or existence time of a positron depends upon the 
number of electrons near to it. The concentration of the latter 
in matter is very high and as a result the mean life of positrons 
is very small. Calculation shows, for instance, that the 'mean 
life in water is Bnly second. It is the extremely short 

life of the positrons that explains why they can only be 
observed in a cloud chamber or with a Geiger counter imme- 
diately after being created. As soon as a positron approaches 
an electron the particles rush together and annihilate eaeJi 
other. They completely disappear and in doing so give out 
radiation with total energy This 

annihilation radiation has been detected when positrons are 
allowed to be absorbed by a sheet of metal. 

The mechanism of pair production by the absorption of a 
quantum of radiation is as follovrs. Radiation can be trans- 
ferred to electrons by one of three methods, photoelectric effect, 
Compton effect, and pair production. In the photoelectric 
effect the quantum is completely absorbed by the ordinary 
outer electronic system of an atom and its energy reappears as 
kinetic energy (minus work of emission). In the Compton 
effect the quantum transfers a certain proportion of its 
momentum to the electron, and passes on in the form of 
degraded radiation. In pair production, characteristic only 
of high energy an electron is lifted out of a mega^iw 

energy sMie in a manner analogous to the ordinary photo- 
electric effect. This constitutes the negative member of the 
pair. However, a hole has been left behind in the negative 
energy states and,Ry Dirac’s theory,' this is in effect a positron 
left behind. Hence the ejection of an electron^ from a negative 
energy state .' automatically . creates 'a positron at the . same 
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tinae. ■ TMs is the mecliainsm of pair production. It is 
ilustrated in Eig. 17 . 4, 

It has been suggested that many of the incident cosmic my 
particles are positrons. If this is true outer space must contain 
very many positrons.. They can exist there since the negative 

» 
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electron concentration in space is extremely low compared 
witli that in matter. 

The formation of cosmic ray showers 

Effects really due to cosmic ray showers had been noticed 
years before the showers were recognised, being shown by 
ionisation chambers at all altitudes. Occasionally an ionisa- 
tion chamber would show a very sudden burst of ionisation 
due, as we now know, to a shower of cosmic ray particles. 
Showers can therefore be studied at sea-level with expansion 
chambers or at varying altitudes with ionisation chambers by 
recording the bursts. 

It is now established that the majority of showers are 
produced by the cascade process illustrated in Eig. 17.5.: 

A very energetic cosmic ray particle strikes an atomic nucleus^ 
losing a large amount of energy in the^ form of a photon, . The 
principle of ' conservation of momentum , requires that this 
photon . shall be emitted , in ■ the forwards direction. After 
travelling a short distance, the photon collides with an atom 
and is; absorbed by interaction with thO' Coulomb field near 
the nucleus leading to the process of pair prod-mtiony which 
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is 'a photoelectric effect upon a virtual orbit of negative energy. 
The members of the pair are similar in nature to the incident 
particle (which was either an electron or a positron) but have 
roughly only half its energy. Each member of the pair is- 
capable of liberating a quantum by collision with an atomic 
nucleus. Each photon so. liberated can in turn produce a; 
pair. Clearly after passing through sufficient matter the 
original incident particle- is transformed into a group of 
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electrons and positrons approximately equal in number. (If 
particle creates a photon the number will be exactly equal. ) 

The theory of this cascade process has been worked out in 
detail by Bhabha and Heitler, who have shown that a plate of 
lead 1 cm. thick suffices to produce a hundred particles in a 
shower formation. Such showers in lead plates can be studied 
in the laboratory by placing the plates either Just outside of, 
or within, an expansion chamber.' 'The low-energy particles 
observable at sea-level are largely secondary' -particles arising 
from showers created in the atmosphere. The effective thick- 
ness- 'of; the atm,osphere' is such that :showerB mnsMiinff of 
many, thousands of 'particles, and extending over quite large 
areas, .can;'. be created^ have been observed. - 
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Heisenberg has put forward the view that some showers are ' 
not cascades, but are created by an explosion process. Accord- 
ing to his theory, an incident particle strikes a nucleus -and , 
thereby an energetic photon is liberated. This is absorbed by 
an atom, but instead of a single pair being formed, multiple 
pairs' are created by a single operation. There is some evidence' 
that this explosion- mechanism possibly takes place. 

By arranging -counters in triangular patferns Rossi and 
other workers have considerably extended the study of cosmic 
ray' showers. 

The meson or heavy electron 

The discovery of the heavy electron, now called the meson, 
has a striking similarity to the discovery of tfee positron, since 
both were predicted some time before being recognised and 
both were discovered during the process of cosmic ray investi- 
gations. The study of the penetrating component of cosmic 
radiation resulted in a number of difficulties. Calculation 
showed that the mean free path of a shower-producing electron 
is only 0-6 cm. in lead so that even very energetic electrons are 
quickly absorbed by the cascade process whilst traversing lead. 
However, at sea-level about 80 per ceiit. of the cosmic radiation 
consists of extremely penetrating particles of which 50 per 
cent, pass through 100 cms. of lead. 

Clearly these penetrating particles are not electrons. Theory 
shows that the mean free path of penetration is proportional 
to the square of the mass of the penetrating particle (for low 
mass), from Avhich it must be concluded that the penetrating 
component of cosmic radiation consists of particles of mass 
greater than that of the electron. To determine the mass of 
a cosmic ray particle it is necessary to measure both the 
curvature of the track formed in a magnetic field and also the 
number of , ions produced . per . centimetre of ■ path. ' It so 
happens that with t?ef 2 / particles the amount of ionisation 
produced h almost independent of the mass, an electron and a 
proton being equally -effective.. . -Only when the particles have 
slowed down is there -a measurable difference. Some twenty 

■ tracks of slowed down penetrating particles have been recorded 
and from these it has been proved that thefe exist particles, 
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eitMer positively or negatively' charged, with masses many 
times that of the electron. These particles have heen named, 
" mesons ■ (particles of intermediate masS') . ■ The first meson ■ track 
was identified by Anderson in 1937. ■, 

Yilawa^'s theory of th© origin of the meson 

After the experimental discovery of the meson attention 
was drawn to the remarkable prediction of such a particle 
made by Ynkawa in 1935. The history of the discovery*' of 
the meson is in fact almost identical with the history of the 
discovery of the positron fpr in both cases mathematical theory 
of an abstruse nature had predicted the particle, the theory in 
each case remaining more or less neglected, and after the 
experimental discovery of each of the particles, the earlier 
theory was recalled. 

The Yukawa theory is a modification of the Fermi theory of 
j8“decay for radioactive materials. An atomic nucleus con- 
tains in it neutrons and protons (perhaps bound together in 
a-particles). Neutrons are uncharged, hence any force oper- 
ating between a neutron and neutron or a neutron and proton 
is not of the coulomb type. Experiments carried out upon the 
scattering of neutrons by protons show that forces operate 
between these particles within a range of 10“"^^ cms. Such a 
force had been postulated by Fermi to explain j8-decay. 
Fermi supposed that the neutron and proton were different 
quantum states of the same fundamental particle and could trans- 
form one into the other by the quantum emission of a particle. 
Thus if a proton loses a positive electron it becomes a neutron^^ 
and if a neutron loses a negative electron it becomes a proton. 
A proton and neutron are bound together by what is caled an 
'' exchange force arising because they are rapidly changing 
their identity by the exchange of the particles just postulated. 
The conception of exchange force is not new and has been 
used very successfully to explain chemical valency and various 
aspects of spectroscopy. The exchange can be represented as 
where P and N, are the proton and neutron ' and e is 
the exchanging particle. According to' the Fermi: 
electrons or jump 'to and.^ fro and sometimes escape, 

and this constitutes the mechanism of p-decay, : the '' : de 
^period depending upon the probability of escaping. 
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It is possible by this theory to calculate decay periods and 
also the binding energy between the proton and the neutron. 
It is found that there is complete discrepancy between calcula- 
tions based upon observed j8-decay and calculations based upon 
binding energies derived from the mass defect of deuterium, 
etc. Yukawa thereupon attempted to solve the difficulty by 
modifying the theory in the foHowing manner. 

Yukawa proved mathematically that it wis impossible to 
assume that the exchanging particles producing the exchange 
forces are electrons and positrons. Instead of this, theory 
demanded that the particle should have the charge of the 
electron, either positive or negative, and should have a mass 
approximately 100 times that of the electron. The exchange then 
is represented by where p is the particle with mass 

~137m (m is electron mass). This particle is probably to be 
identified with the meson observed in the expansion chamber. 

The instability of the meson 

The mass value assumed for the meson is adopted in 
order to give the correct binding-energy values. It remains 
to explain jS-decay and to do this Yukawa makes a further, 
assumption, namely, he postulates that the meson can sponta- 
neously disintegrate, being in this sense radioactive. If the 
meson is represented by p the decay is shown by p-^e -(-neutrino. 
If the original meson is positivdy charged (theory demands 
both types) the decay particle is a positron, if it is negatively 
charged, then the decay particle is an electron. The charge 
and spin axe conserved, the spin of the meson behig an integer. 
Since the electron mass is very much less than that of the 
meson the electron must be ejected with high energy equal to 
the loss in mass. Calculation shows that the electron energy 
will be about 4x10’ volts. In order to explain )3-decay the 
meson must have a natural decay period. When this is 
evaluated it is found to be about 10“® second. 

The particle postulated by Yukawa is more probably identi- 
fied with the heavy electron found in cosmic rays, since the 
predicted instability has been confirmed experimentally. The 
penetrating component of cosmic rays consists largely of 
mesons, and if these decay in 10”® second, they are clearly 
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prodxiced m the atmosphere and do not come' from ' outside. 
From certain anomalies in the absorption of this penetrating 
radiation a decay period, which is approximately second, 
has been derived. Blackett has obtained a similar value from 
measurements made on the fluctuations of cosmic ray intensity 
produced by alteration in the atmospheric temperature. The 
values so calculated agree well with those predicted by 
Yukawa. 

Properties of the meson 

Measurements of the mass of the meson are relatively 
inaccurate, involving a high degree of uncertainty. Some 
twenty determinations have been made, the observed values 
varying from 39 to 570 times the electron mass. It may be 
that all mesons have not the same mass, but the evidence, 
taking into account the high errors of observation, is entirely 
inconclusive on this point. The detailed Yukawa theory 
requires the existence of positive, negative, and neutral mesons. 
The neutral particles have been called ‘‘ neutrettos,^' having the 
same supposed mass as the other two but no charge. The 
symbols used for the particles are m^, respectively. 

The three particles are related to protons and neutrons 
according to the following reactions. A proton on emission of 
a positive meson becomes a neutron, a neutron on emission of 
a negative meson becomes a proton, and the emission of a 
neutretto is equivalent to the emission of a light quantum in 
the sense that the state, but not the nature, of the emitter changes,: 
thus : 

p- p+m^ 

WMi free protons or neutrons these processes cannot actually 
take place, no' mesonS' being set, free,: as energy is needed for 
the creation of the' meson mass and this' is not 'available. 
However, in the immediate neighbourhood of the proton or 
neutron the meson has a virtual existence, ’hemg in effect con- 
tiiiuously emitted, and absorbed, but unable to escape. If the 
meson m Mot reabsorbed^ the 'same' Aeuwar 
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the whole time, but is absorbed by a'Tery nearby neutron,. the 
latter will become a proton, and the original proton becomes a 
neutron. ' Effectively then the neutron and proton hme inter- 
changed places. Such conditions of closeness of particles occur 
in nuclei, and the resulting binding. between the particles due 
to the change of the position of the meson is the exchange 
force. The neutretto is required by theory ip account for the 
exchange forces needed to bind like particles such as protons 
an^* protons. 

Since a jffee. proton is for a part of its lifetime a neutron 
with a closely bound meson, the magnetic moment of a free 
proton is the resultant average of the true magnetic moment 
of the proton and the magnetic moment of the meson, taking 
account of the relative time spent in both states. The proton 
is only dissociated ” for a small fraction of its life, but as 
the meson is much lighter than the proton, the meson magnetic 
moment is considerably greater. Thus the net magnetic 
moment of a free proton should exceed that expected by simple 
theory. This is indeed observed. Further, in a strictly 
analogous manner a neutron is, for a fraction of its lifetime, 
dissociated into a proton and a negative meson. (This com- 
bination has a negative magnetic moment.) It follows that, 
although uncharged^ a neutron will have a negative magnetic 
moment. This again is observed experimentally. 

The penetrating portion of the cosmic radiation consists of 
free mesons^ the disintegration of which has been observed in 
the cloud chamber by Williams. Their origin is a problem 
not yet explained. The theory of collision and absorption 
between atoms and mesons has been worked out on the basis 
of cosmic ray research results. When a meson collides with a 
neutron within the nucleus of an atom (clearly such events are 
frequent in the air) multiple processes can result. To take 
only a simple example, let a positive meson react with a 
"neutron then either 

can represent what occurs, or possibly 

+ 71-^71 

or, alternatively , we may get . . ■ 
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and so on, with more complex reactions involving more 
narticles, all the resvU of one mUinon. Methods of calculation 
begin to break down and indeed Heisenberg is of the opimon 
that the qmntum theory itself begins to break down and is no 
longer applicable. In effect the process under consideration, 
in cosmic ray pheifomena, leads to an explosive shower as 
distinct from a mscade process shower. 
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CHAPTER 18 


THE NUCLEUS OF THE ATOM 

Introduetioii" 

The success attained in dealing theoretically with the 
electronic structure of the atom can be attributed to the fact 
that the constituent components (nucleus and electrons) are 
relatively so small compared with their distances apart that 
they can be treated as point charges. Exact calculations can 
therefore be made and theory can be checked. However, the 
problem of finding how the nuclei of atoms are constructed is 
more difficult, since it is known that nuclei are very small. 
The nuclear matter must be very compact and must also have 
some form of structural arrangement of packing of the con- 
stituent particles. The closeness of packing is the main 
difference between nuclear and extra nuclear structure. It is 
. known that the forces acting between particles which are very 
close together differ from the force which acts when they are 
relatively far apart. These special forces give the nuclei their 
special properties. 

Within recent years a great deal of progress has been made 
in developing a comprehensive theory of nuclear structure. 
M%ny independent lines of investigation have contributed to 
the problem. The experimental data have been derived from 
studies of mass spectra, the phenomena of radioactivity, the 
investigation of collision effects between atomic nuclei and 
high’-speed radioactive or artificially accelerated particles, 
cosmic rays, the study of the spin properties by spectroscopic 
means, etc. Theoretical investigations have gone ' hand; , in 
hand with' experiment, sometimes explaining ' observations 
sometimes '' predicting new properties, and, as a ' result ' of , the 
great deai of work that has been done and is still being carried 
out,' a satisfactory theory of the nucleus is evolving.' ; ;■ 

295 . ^ 
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Of primary importance are the whole number rule and the 
mass defects, already discussed. These indicate, firstly that 
the different nuclei are built up from integral numbers of 
simple units, secondly that the degree of binding of these units 
differs from atom to atom. The basic simple building stones 
of nuclear structure aare the proton and the neutron. It is not 
yet known with certainty whether a-particles {heMum nuclei) 
exist as real independent sub-units in nuclei, but there is a 
distinct possibility of this being the case. The a-particle is a 
stable arrangement of two protons and two ijeutrons. The 
fact that radioactive nuclei can eject a-particles strongly 
suggests that such particles exist as individuals in at least the 
heavy radioactive nuclei. 

f 

Gamow*s theory of a«particle disintegration 

The spontaneous emission of a-particles, characteristic of so 
many radioactive nuclei, has been explained by Gamow who 
has applied wave mechanics considerations to the problem of 
nuclear stability. This has led to an important advance in 
the conception of nuclear structure. Wave mechanics analysis, 
in general, shows that there is often a small but finite probability 
for the occurrence of events which are normally absolutely for- 
bidden by classical mechanics. The event considered in this 
connection by Gamow is the spontanebuB emission of an 
a-particle. 

Gamow postulates the existence for a radioactive nucieus 
of a potential barrier which is a space in which the potential 
is so high, that, according to classical conceptions, an a-particle 
inside this barrier cannot escape. The distribution of poten- 
tial within and around the nucleus is similar to that shown in 
Fig. 18 . 1. The centre of the nucleus is at 0, the ordinate X 
representing the potential at any point distant r from the 
centre. If the nucleus is approached from some distance the 
inverse square law is obeyed, the potential curve CD being a 
rectangular hyperbola. As the centre of the nucleus is ap- 
proached (r made small) the curve drops to form a potential 
well. If PM represents the kinetic energy of an a-particle 
(strictly, the kinetic energy per unit charge), then, according 
to the classical point of view, the partieie can never escape 



THE NHOEETJS OE THE ATOM 


297 

from ;HH. In the wave mechanics, treatment the wave repre- 
senting the a-particle is reflected to and fro within the barrier, 
behaving virtually as a stationary wave. ' The , theory , shows ^ 
that part of this wave leaks out of the potential barrier. Physi- 
cally this means that the equivalent particle has a small but 
finite probability of escape. ■ 

The probability of escape is a measure of the radioactive 
transformation constant, since the more prSbable the escape 
the shorter is the effective radioactive period. If the prob- 
ability of escape is small the transformation constant is also 



small. The higher the position of M in the diagram, that is, 
the higher- the kinetic energy of the a-particle, the greater is 
the probability of escaping, from which it follows that a 
transformation constant will always be associated with long-- 
range particles. The detailed application of this theory 
enables a relationship to be derived between range and trans- 
formation constant. This is found to be the same as the 
experimental Geiger-Nuttall law. 

As the a-particle exists within the nucleus in the form of a 
stationary wave, there are different normal modes of vibration. 
That is to say, the equivalent particle can have different 
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distinct energy values. It is to be expected from this that 
nuclei can go into states with different degrees of excitation. 
As already discussed in connection with a-, and y-ray 
emission, tliis is the case. 

A particularly interesting application of the theory, and 
indirectly a confirmation of it, exists in connection with the 
experiments made by Eutherford and his co-workers on nuclear 
disintegration by means of accelerated particles. Although 
the study of natural radioactivity is of great value, more rapid 
progress in the understanding of nuclear processes has been 
made by the development of the technique of artificially 
disintegrating atomic nuclei. This will now be considered. 

Artifleial disintegration of nuclei by a-particles 

It was long ago realised by Eutherford that the high-energy 
a-particles could be used as projectiles in an attempt to dis- 
integrate atomic nuclei. When an a-partiele is shot into a 
gas the chance of a collision between the particle and the 
nucleus of one of the gas atoms is very small, owing to the 
relatively small nuclear radius. However, m 1919 Eutherford 
succeeded in observing such collisions and thereby produced 
the first experimental transmutation of matter, the dream of 
the alchemist for centuries. Eutherford found that when 
a-partioles are shot into nitrogen gas, high-speed protons are 
ejected from the nuclei of the nitrogen atoms. He followed up 
this investigation, examining twelve light elements and in each 
ease a-partiele impact caused the violent ejection of a proton. 
A special method was devised for the determination of E/M 
for the ejected particles and by this means it was proved 
conclusively that they were protons, and not nitrogen nuclei 
which had been “ knocked on.” The protons had surprisingly 
long ranges, those from aluminium going as far as 90 cms. in air. 

The mechanism of the production of these long-range high- 
speed protons was demonstrated by Blackett in 1925 by means 
of expansion chamber observations. An example of this 
method of investigation is shown in Plate IVn. This shows 
the tracks of a-particles through nitrogen gas. The forked 
track, which is clearly visible, shows where an a-particle has 
struck a nitrogen nucleus. The long, thin track from the fork 
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is that of the ejected high-speed proton, the shorter thick 
branch being the track of the recoil atom. The a-particle 
enters the nitrogen nucleus and forms an unstable combination, 
which, after a short but finite interval, disintegrates, ejecting 
a proton. An -isotope of oxygen, 0^'^, is left behind. This 
will be discussed in more detail later. . 

When calculations are made, taking into account the known 
energy of the a-partiole and the probable Might of the nuclear 
potential barrier, it is found that the energy of the particle in 
the case illustrated in Plate IVd is classically not sufficient to 
enable it to pass through the barrier. However, the Gamow 
wave mechanics theory indicates that there is always a finite 
probability of penetration because of the leakage of waves 
through the barrier. Nuclear disintegration can therefore be 
accomplished with the aid of energies consMerably Zess than at 
finst anticipated. 

The neutron 

The study of the disintegrations of light atomic nuclei by 
o-particles led to the discovery of the neutron, by Chadwick, 
in 1932. Already in 1920 Rutherford had predicted the 
existence of a nuclear particle which possessed mass without 
charge, but he had failed to detect it. In 1930 Bothe noticed 
that when beryllium was bombarded with a-particles no protons 
were ejected, as at first anticipated by analogy with nitrogen. 
Instead of this a penetrating radiation was emitted which he 
interpreted naturally as being a form of y-radiation. This 
radiation was able to expel high-speed protons from paraffin 
wax, Chadwick showed that the number and range of these 
protons was such that the incident radiation could not be 
y-rays, but consisted oi uncharged particles with a moss approxi- 
mately that of the proton. He called these imcharged particles 
neutrons. 

Neutrons are now known to be constituents of every atomic 
nucleus (other than that of hydrogen which is a simple proton). 
The absence of charge enables the neutrons to penetrate matter 
very easily and also makes it impo5si6Ze to obtain tracks of 
neutrons in an expansion chamber. Cases have, however, been 
observed where a neutron collides with an atom in an expansion 
chamber and at the point of collision tracks suddenly appear 
without any apparent origin. * 
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Experiments made on the penetrating power of neutrons 
from beryllium show that 10 per cent, of the incident neutron 
radiation is able to pass through 30 cms. of lead. Certain light 
bodies like paraffin wax have, on the other hand, a high ab- 
sorption coefficient to neutrons. When an element is excited 
into neutron emission by impact with a-particles, neutron 
:! groups with distinct energies are emitted. These different 

groups are relate*!! to different excitation levels within the 
nuclei. ' 

It is convenient to express nuclear disintegrations in the 
form of a nuclear reaction equation, similar to the reaction 
■ equations used in chemistry. A typical equation, given below, 

is that for the emission of a neutron by the collision between a 
k boron nucleus and an a-particle. This is represented by 

The left-hand upper superscript gives the mass of each particle 
I and the left-hand lower superscript the charge. A boron nucleus 

i of mass 1 1 captures a helium nucleus of mass 4, the combination 

I breaking up into ordinary nitrogen and a neutron. Both 

I nuclear mass and nuclear charge are conserved in the reaction. 

I Any mass apparently lost reappears as kinetic energy of 

I ejection. 

I The mass of the neutron has been evaluated by Chadwick, 

: Feather and Bretscher by the following method. Neutrons are 

produced when deuterium is irradiated with the 2-62 X 10® e.v. 
gamma radiation from Th C". The reaction is 

The energies of the protons thus formed are deter- 
mined by measuring their ranges or the amount of ionisation 
^ they produce. Since the neutron and proton masses are nearly 

equal it can be concluded that the neutron energies are about 
equal to the proton energies. Since the masses of and 
i are known, and also the energies of the particles and quantum, 

solving this gives the mass of the neutron as 1-00895. This is 
slightly greater than the proton mass, 1-00778. 
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Bohr’s theory of niielear disintegratioe . 

A iHinaber of theoretical difficulties in connection with 
nuclear disintegration have recently been removed by Bohr, 
who has postulated a theory explaining the mechanism of, 
disintegration. It had previously been assumed that in a 
disintegration process the projectile simply knocked a particle 
out of the nucleus leaving behind a changed nucleus. This 
apparently simple mechanism was difficult to apply in detail. 

Bohr first assumed that the close nuclear packing makes it 
necessary to treat the nucleus as a whole, somewhat in fact 
as a drop of water is to be considered as an entity. When a 
projectile strikes a nucleus it is first captured, and since it is 
very energetic the effective temperature of the nucleus rises, 
possibly by several million degrees. This ngwiy created inter- 
mediate nucleus has a great excess of thermal energy, and 
after a small but finite time the energy is distributed amongst 
all the nuclear particles. Calculations show that because of 
the high density of matter in the nucleus, the thermal con- 
ductivity is very high, thus the thermal energy is very rapidly 
distributed. If sufficient energy has been introduced, one of 
the particles already with large kinetic energy may receive 
a sufficient addition to enable it to overcome the potential 
barrier. This particle escapes and we have a disintegration, 

Bohr has suggested the following model to illustrate the 
mechanism. Suppose there are a number of balls in a saucer, 
all moving, but none of which has sufficient velocity to carry 
it over the edge of the saucer. This represents a nucleus, the 
balls being the constituent particles, the height of the saucer 
wall being a model for the potential barrier within the nucleus. 
Suppose, now, a ball is shot into the saucer from outside 
(representing the projectile). If there are sufficient balls in 
the saucer the projectile will not be able to pass straight 
through but will be stopped by striking some of the balls 
already there. The energy of the projectile will rapidly be 
distributed amongst the rest of the balls, the velocities of 
which therefore increase. One of the balls near the edge of 
the saucer may easily quickly acquire sufficient energy to 
enable it to leave altogether. This represents the mechanism 
of disintegration by capture. 
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ill the light of this theory the reaction for the prodnotion 
of , ■ neutrons «by a-particles previously describcjd should be 
modified as follows. First the boron nucleus captures' the 
a-particle to form an isotope of nitrogen thus 

The nitrogen isotope, the intermediate nucleus, is umtable 
. becduse of excess enetgy, and after a small but finite time dis- 
integrates into ordinary nitrogen and a neutron thus 

The end of the reaction is the same as if there had not been 
an unstable intermiediate nucleus. 


Nuclear transmutatioiis using accelerated particles 

An important practical application of Gamow's theory is 
the way in which it pointed to the possibility of disintegrating 
nuclei by the aid of artificially accelerated particles. The 
a-particles used for disintegration purposes have energies up. 
to 8 X 10^ e.v. In spite of this only one particle in a hundred 
thousand is able to produce a transformation. From the 
classical point of view at least several miEions of volts are 
necessary before a disintegration of a medium-light nucleus 
can be produced, but Gamow’s theory showed that there is 
finite probability that a much less energetic particle can pene- 
trate a nucleus and as a result of capture produce disintegration. 
The probability diminishes with the energy, so that if an 
attempt is made to disintegrate nuclei with particles of rela- 
tively small energy, mry large numbers will be required in order 
to produce an appreciable number of disintegrations. 

This idea of using very, large numbers of less energetic 
particles was first successfully put into practice in 1932 by 
Cockcroft and Walton, who were able to induce transformations 
in lithium and boron by bombarding the latter with a stream 
of protons (hydrogen ions) artificially accelerated with only 
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300,000. volts. In these disintegrations' a-particles ; were ■ 
ejected. Later experiments showed that, providing sufficient 
protons were available, disintegrations could be. induced with ' 
potentials as low as 20,000 volts, . ThiS' is a., very interesting : 
confirmation of the wave mechanics conception of nuclear' 
structure. ^ 

The production of high voltages 

Since high-voltage acceleration of particles plays an impor- 
tant part in disintegration investigations, we shall consider 
here briefly the methods which have been developed for this 
purpose. There are seven main methods for producing high 
voltages, all of which involve difficult problems in electrical 
engineering. The different methods, in brief, are as follows : — 

1. The impulse generator 

A system of condensers is charged in parallel and then dis- 
charged in series. The arrangement is relatively cheap and 
by it about 3 X 10^ volts can be reached. However, the impulse 
only lasts 10'“^ second, and as there must be 5 seconds’ rest 
period between each discharge and the next the available 
energy is not great. 

2. Condenser-rectifier voltage multiplier 

Condensers and rectifying valves are arranged so that a 
transformer voltage can be multiplied then rectified. Some 
2 X 10^ volts can be obtained. 

Z, Electrostatic generators 

The Van de Graaf generator consists of rapidly moving end- 
less belts on to which charge is directed by corona points 
operating at 20,000 volts. The charge is carried to a large 
sphere and accumulates there until a potential of 5 x 10® volts 
builds up. The spheres used are 15 ft. in diameter and 22 ft. 
from the ground. The main problem lies in insulation. The 
apparatus must be contained in a large, high building other- 
wise discharges to the walls may occur. By the use of com- 
pressed air in the apparatus room still higher voltages can be 
achieved. It has been observed that gaseous, CClgP^ h®'® 
remarkable insulating properties, being even superior to trans- ■ 
former oil at high pressures, - The apparatus can; be surrounded 
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by: this gas to reduce the chances of a short eirciiit The, 
current available is decided by the speed of the belts. The 
machines 'already in use can produce I miliiamp at 5 x 10® volts 
(an energy of 5 kilowatts). 

4. High-frequency resopance transformers 

A modified Tesla high-frequency disehai:ge from a 200- 
kilowatt oscillatol' is passed throngh a single turn of copper 
tubing. . This acts as the primary of a transformer. The 
secondary has fifteen turns, and both the coils are tuned "to 
resonance. Oscillations up to 800,000 volts can be built up in 
the secondary coil. 

5. Cascade transformers 

Pour transformers, each capable of producing 250,000 volts, 
are arranged in series. By this means I x 10® volts can readily 
be built up. The cost of the transformers is high. 

6. Linear resomnce acceleration 

Charged particles are accelerated down the axis of a series of 
cylindrical electrodes which are alternately connected to the 
terminals of a high-frequency high voltage osciUator. The 
frequency and electrode lengths are adjusted so that as the 
charged particle emerges from each electrode the field has 
swung round enabling the next electrode to give the particle 
another accelerating impulse^ By applying about 80 kilovolts 
an effective voltage of 2-85 x 10® has been attained. 

7. Magnetic resonance 

This, the most important method, is that employ^ in the 
cyclotron^ the theory of which will shortly be discussed. With 
all the other direct methods involving the actual production 
of true high voltages, it is considered that insulation difficulties 
set 6 X 10® as the upper limit. With the cyclotron the particles 
acquire the equivalent ' energy which would be produced by 
high voltage, without actually using a high potential. The 
equivalent o/ 19x10® wits has already been reached and with 
the new cyclotrons under construction still higher values are 
expected. The cost of the machine and operation costs are 
^both high, and the working is difficult. 
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The ey elotron 

A notable development in the method of disintegrating by, 
accelerated particles has been brought about by Lawrence, 
who in 1932 devised a highly ingenious apparatus, now named 
thB cyclotron, by means of which projectiles with energies up 
to 19 X 10^ e. volts can be produced in very large numbers,. 

In the cyclotron the ions are energised by multiple accelera- 
.tion, according to the principle illustrated in Fig. .IS. 2. . The 
principal portion of the apparatus consists of a iat, circular, 
metal box cut unto halves, the two parts being separated by a 
gap. Since they have the shape of the letter D they are 
called the dees.'^ An alternating potential of high frequency, 



Alternating 

potential 


but in general not exceeding 100,000 volts peak value, is applied 
between the dees. These are in an evacuated chamber which 
is maintained in a uniform magnetic field of about 15,000 gauss. 
To do this magnets which may be 100 tons in weight are 
required and the consumption of electrical power is very high. 
Gaseous ions are generated near the centre of the dees either 
thermionicaily or else by special capillary ion sources of high 
intensity. The ions may be either protons, or deuterons or 
ionised helium atoms, etc. 

The ions are accelerated by the potential difference between 
the dees, but since the latter are in a magnetic field, with the' 
lines of force perpendicul^^ to the dee plane, a small semi- 
circular path is' described. From what follows' it will be seen 
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thdA tMiime taken to describe a semicircle is independent both' of 
the velocity of the ions and of the radius of curvature of the path 
:■ ' The' radius of curvature of the path E is giveu, by • 

HEV==MV2/R 

where 1, M, and. V ^re the charge, mass, and velocity of the 
ioii' and H the strength of the magnetic field. 

• Thus " ' ■ R=MV/HE. 

Clearly the time T taken to traverse a semicircle is 

trR/V=7TM/HE=T. 

This is therefore independent both of R and ¥ and is the same 
for all particles with the same mass and charge. The frequency 
of the applied alternating potential and the value of H can be 
chosen so that a particle starting at n just reaches b at the 
time when the potential has swung through half a cycle. The 
particle is therefore accelerated across the gap into the opposite 
dee. Since this act of acceleration increases the velocity of 
the ion it travels in a semicircle with larger radius and reaches 
the point c. But the time taken is independent of both radius 
and velocity so that c is reached exactly at the moment when the 
changing field can accelerate the particle once more across the 
gap. By this means several hundred separate accelerating 
impulses can be given to each particle before the outer rim of 
the dees is reached. At the outer circumference a supple- 
mentary electrode is placed which deflects the accelerated ions 
on to a target containing the material to be studied. 

By substituting in the expression for T the value of E/M for 
a proton we find T =(6*57 x lO“^)/H sec. With a magnetic 
field H equal to 15,000 gauss the time taken is about 4*4 x 10’”® 
sec. The reciprocal of twice this, about 1*1 x 10*^, gives the 
frequency in cycles per second of the alternating potential 
which must be applied for the phase to change over exactly in 
time with the arrival of the particles at the gap. Such a 
frequency is that of a radio wavelength of about 26 metres. 
For deuterons, twice this wavelength is required. 

The final energy attainable depends on the magnetic field 
strength and upon the radius of the ^ final path. This explains 
the need for powerful magnets giving, a large field uniform 
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over a considerable area. With a radius of, say, 38 cms., and 
a field of 16,000 gauss, protons acquire a velocity of emergence 
of 5-4x10® cms./sec. which is equivalent to accelerating an 
electron by 16x106 volts. It would seem at first that there 
would be no Umit to the increase of effective voltage attain- 
able, but this is not so. The speeds, of the particles are 
becoming so great that the relativists increase in mass is 
significant. This leads to a steady increase^ time in succes- 
sive paths within the dees and the particles get out of step 
and are lost from the beam. There is thus at present an upper 
limit. The largest cyclotron yet constructed has a pole face 
diameter of 145 cms. and with this the equal to 19X10® 
electron volts has been reached. Still larger cyclotrons are 
projected and still higher energies are expected. The currents 
of these high-energy ions are extremely inte:^ compared even 
with the strongest available radioactive sources. Thus some 
90 microamps of deuterons of 16x10® electron volts ^n be 
produced and by irradiating beryllium with these a yield of 
2x10^® neutrons per second fesuUs. It will be remembered 
1 gram of radium gives 3-4x101® a-particles per second, each 
of considerably less energy than the ions in the cyclotron 
beam. So energetic are the beams that the ions have a 
range in air of over half a metre, forming a striking luminous 
beam when allowed to emerge through a thin window. The 
production of neutron radiation is so intense that specia 

precautions to protect operators must be taken. 


Artificial radioactivity _ 

Up to 1933 radioactivity had always been considered to be 
a type of energy manifestation entirely beyond control, but m 
that year Mme. and M. Curie- Joliot succeeded in producing 
radioactivity by artificial means. In their experiments 
aluminium was bombarded with a-particles, a nuclear trans- 
formation taking place with an accompanying emission oi 
neutrons. The reaction is 

The residual utoni, is an isotope of phosphorus which dots 
„ot Mrmally aid. This newly created isotope u umlable and^ 
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radioactive, breaking down into a stable isotope of silicon by 
the spontaneous emission of a positive electron thus 

®°P=:»^i+e+ 

The “ radio-phosphorus;' as it is called, has a normal radio- 
active decay curve with a period of 195 seconds and can be 
proved to be phosphorus by chemical means. 

This important experiment first proved that new radio- 
elements could be created by bombarding stoiZe atoms with 
high-speed particles. A rapid extension of the'work followed, 
other projectiles such as accelerated protons, accelerated 
deuterons (the nuclei of deuterium), neutrons, etc., being 
employed. Neutrons are particularly effective in inducing 
nuclear transformations for, being uncharged, they penetrate 
nuclei very easily. 

New radio-elements have now been created in large numbers 
and more are being discovered. Some of these new elements 
have positive electron emission, and others negative electron 
/S-emission., Some of the ejected electrons have energies as 
high as 10’^ e.v. Exactly as in the case of natural ^-ray 
activity the emission is in the form of a continuum with a 
sharp upper limit. The transformation periods observed vary 
over a wide range. 

Nuclear chemistry 

The production of artificial radioactivity only differa from 
the earlier transmutations already discussed in that the 
resultant nucleus is in one case stable and in the other case is 
unstable aad. breaks up spontaneously, due probably to a 
surplus of energy. Similar principles therefore govern both 
types of transmutation. In general a broad distinction can 
be made between two types of disintegration, namely, those 
in which the transformations are produced by the capture of 
the projectile and those in which they are produced without 
mptwe. The disintegration without capture is caused by the 
violent disturbance induced in a nucleus by the close passage 
of a charged projectile. In both types of disintegration there 
can be either emission of y-radiation, or of particles, or of both 
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The particular reactions which take place depend upon , both 
the nature of the projectile and the nucleus which is struck. 
A given projectile is capable of producing usually quite a 
number of different reactions with a given nucleus, a, fact 
which can be explained by Bohr^s theory of disintegration, by 
what is effectively evaporation of a paxtiele. We shall con- 
sider first transformations that can be induced with accelerated 
protons, since these are the simplest projectileis available. 

A typical reaction with accelerated protons is obtained with 
lithium. Consider for the moment the heavier isotope only. 

^Li+iH=2^He. 

This reaction illustrates a case of simple capture with the 
formation of stable nuclei. The proton has entered the 
lithium nucleus and remained, producing twD a-particles. A 
more complex example of capture is afforded by the impact 
of a proton on boron. The first possible reaction is simple 
capture, as above, leading to reaction, 

A stable isotope of carbon has therefore resulted. But other 
reactions are also possible and the following takes place : 

”B+’,H=>+^2He. 

However, the ®Be nucleus is unstable and tends to dissociate 
into 2 ^He so that the above reaction ultimately becomes 

“B+lH=3^He. 

We shall now consider transmutations induced by neutrons 
of which there are very many examples. The following is an 
illustration of the number of possible reactions that can occur 
in a simple case. The resulting reactions induced by the 
bombardment of nitrogen with neutrons are : 

( 1 ) 

(2) »N+>=^:C+lH ; 

(3) ^^N+,^,Ji=3Li-|-2jHe. 

In the last reaction three particles are produced. These 
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Le been observed as a triple forked tradi in a. expansion 

chamber. ^ „,^^„oed bv particles more complex than 

The reactions prod . ^ different. The example 

protons and neutrons ^ heavier isotope of 

possible * 

(1) 5Li+ll)=!Be+J«; ■ 

(2) ’3Li+!l>=2|He+> 

(3) ^3Li+tD=|Li+lH. _ 

f T,<.rtif>nlar interest takes place when CKCelerated 

^ZV^ecUi »*. 

can occur, namel^, 

(1) ^D4-1I>=iH+1H ; 

(2) tl>+iB=|He+o»^. 

h„/irnnpn isotove of moss three has been 
^:e:J:i“r.econd c»e a naa, Mi.™ i»t«„a »/ 

ladioaative “'J™'* “ . Consider only Uie two 

produced by bombard ? S j j, .ph,, actions are ; 

magnesium isotopes of masses -4 am 

«Mg+|He=f,Si+> 

f^Mg+lHe^f^Al+lH. 

T+ «n hannens that both the newly created f,Ri and j|Al are 

^bte L radioactive, one emitting a poeitron the ote an 
election. The two decay proceasea ate reapectivtly 

4Al+e-^ 


fiSi= 

,3^-^l«Si+e- 


:!ai= 


Tt haa only been poealbte to select a few eicamplcB of tte 
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certain that Miich light will be thrown upon the structures of' 
complex toclei by the study of these reactions. There is a 
distinct possibility also of obtaining sufficient synthetic radio- ' 
active material to replace that naturally occurring. Many 
hundreds of new types of nuclei have up to date been created, 
most of them unstable and radioactive, v 

lielear isomerism 

Chemical isomerism, frequently found in organic compounds, 
is due to the spatial rearrangement of a group of atoms forming 
a molecule. An analogous “ nuclear isomerism has now been 
found in a small group of artificially produced nuclei. These 
nuclear isomers have the same mass and charge but exhibit 
different radioactim properties. The suggested explanation is 
that the lowest excited state of a nucleus has a spin differing by 
many units from the still lower unexcited ground state. Theory 
shows that certain selection rules operate with the result that 
the first excited state is metastable. The nucleus can remain 
in this metastable state for a sufficient length of time for it to 
be observed as a different atom. Chemical separation of the 
isomers can sometimes be achieved. At least seventeen pairs 
of isomers have so far been detected. 


The fission of uranmm nuclei 

A distinctly new type of disintegration has recently been 
observed when uranium and thorium nuclei are bombarded 
with neutrons. When these heavy atoms are irradiated new 
radioactive series are set up, at first thought to be “ trans- 
uranm^' that is, to involve species with atomic numbers eater 
'.than' 92. Hahn and Strassmann showed, , however, that the 
bombardment of uranium by neutrons leads to the production 
of barium and krypton nuclei by a process of '' nmlear fission.'' 
A neutron is captured by the already complex and relatively 
unstable uraniuin nucleus and forms a very unstable nucleus 
of greater mass. This has a mean life less than' 5X10-^^ 
second. ; The close packing of the particles, gives, the nucleus 
properties analogous to those of a liquid drop, in; accordance 
with' Bohr^s theory,' The high excitation 'due to the' neutron 
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capture causes the drop to split up into two sub-panides 
wMch repel each other violenMy. Owing to the packing fraction 
differences there h a. net gain in kinetic energy of the order of 
200 X 10» e.v. per disiniegration. This is of very great interest 
and may prove to be of importance, since it is clearly a case 
of tapping the enorpious energy sources latent in nuclei. 
There is some evidence indicating that several neutrons may 
be “ evaporated ” from the fission products immediately after 
the fission has taken place. . 

The nuclear origin of stellar energy 

In stellar interiors the temperatures are very high, so great 
indeed that the thermal velocities of atoms are sufficient to lead 
to nuclear disintegration when collisions occur. It can be shown 
quantitatively th£t these “ thermo-nuclear reactions ” account 
for the tremendous emission of energy from stars. Stars can 
be roughly divided off into two groups brighter and fainter 
than our sun. As shown spectroscopically both types have a 
high hydrogen content. In the hot interiors all atoms are 
stripped of electrons by thermal ionisation. The calculated 
temperatures are ultimately of the order of 20,000,000° C., 
which considerably exceed those needed for nuclear disintegration. 
The high concentration of energetic protons leads to nuclear 
disintegrations with considerable emission of energy. Approxi- 
mately correct numerical results are obtained by assuming that 
a “ carbon-nitrogen disintegration cycle ” takes place in the 
brighter stars and a proton-proton interaction in the fainter. 

In the bright stars the carbdn acts as a catalyst converting 
hydrogen into helium according to the following chain of 
reactions, with emission of positrons and y-radiation : 

radiation 

'3C4-^H->“NH-y-radiation 
-f y-radiation 
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The remains practically unaffected enabling the cycle fa 
continue for great time periods with consumption of protons only, 
•In the fainter stars it is probable- that the main reaction is 
simply --f . Intermediate cases, such as that, of 

our sun, probably involve both reactions to about the same 
extent. 

It is to be noted that these modern views pn, stellar energy ' 
emission' and stellar evolution imply that any heavier elements 
in a star, even such as Li, Be, B, etc., are destroyed by proton 
collision, with resulting a-particle emission. Such atoms, on 
this view therefore, existed before the star as such was formed. 
The evolution of a star is now considered to be as follows, A 
star begins by the condensation of a large amount of matter 
at a point in space. Owing to gravitation|l attraction this 
cluster gradually contracts, the gravitational potential energy 
thus set free being ultimately liberated as radiation. When 
contraction proceeds the temperature rises until that of the 
core is about 200,000° C. At this point the thermal energy 
suffices to enable interactions to take place between protons 
and any deuterons present. Calculation shows that after some 
10® years ail the deuterons will be exhausted, gravitational 
contraction then being resumed for a period of lO^-lO® years. 

As a result of the second contraction the core temperature 
rises to about 5 X 10® °C., the thermal velocities of the protons 
being then great enough to permit of interactions with 
deuterium, lithium, beryllium, and boron. This stage of the 
star’s life is described as the giant stageJ^ When all the 
above four types of nuclei have been consumed further con- 
traction sets in, the temperature rising to 20 x 10® °C. WTien 
this is reached the carbon cycle begins, supplying energy for 
the main radiating life of the star. The hydrogen is steadily 
converted into helium and when the protons are largely 
exhausted another contraction begins, this time rapidly. The 
energy so liberated soon exceeds the thermo-nuclear energy. 
The centrifugal forces increase and the star may then' break 
up.',:',,. 

' This theory of ' stellar evolution does n6t account for ,' the 
presence of the original cosmic ^ matter forming the star's nor 
does it give any clue' to the mode of ' formation of complex 
heavy atomic . nuclei , 
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Nuclear spin 

Important contributions to nuclear theory have resulted 
firom spectroscopic studies of nuclear spins. Nuclei can be 
divided off into fmr distinct groups according to the nuclear 
mass and charge. 'About hs^ the isotopes in the Periodic 
Table have even nuclear mass and even nuclear charge, about 
a quarter have eM mass and eoen charge, and another approxi- 
mate quarter have odd mass and odd charge. The fourth 
group consists of four species only in which the mass is even 
and the charge odd. 

The first important conclusion derived from hyperfine 
structure observations is that practiccdly ail the nuclear spins 
determined with certainty are half integral and are associated 
wUh odd atomic heights. (The small fourth group is an excep- 
tion to this rule and will be discussed separately.) A second 
conclusion is that light nuclei with masses integral multiples 
of four have almost certainly zero spin. This has been proved 
for the lighter elements, helium, carbon, oxygen, and sulphur. 
This fact is important, for these particular elements lie on the 
lower spur of the mass defect curve. Spin data and mass 
defect data seem to imply the existence of the a-particle as a 
nuclear sub-unit. Since the a-particle has a zero nuclear spin, 
nuclei built up only from them will also have zero spin. 

It is very hkely that nuclei consist only of neutrons, protrons, 
and possibly a-particles formed from groupings of the latter. 
Clearly a nucleus with an odd mstss number has an odd particle 
left over in its constitution. If the nudear charge is odd this 
odd particle •must be a proton, but if the nuclear charge is even 
it must be a neutron. One can therefore distinguish more 
precisely the two groups of nuclei with odd atomic weight, 
for in one there is an odd proton and in the other an odd 
neutron. 

Observed nuclear spins vary fiem 1/2 to 9/2 in spite of the 
fact that a nucleus can contain, when heavy, more than 200 
particles. Theory and experiment agree that a proton and a 
neutron both have inherent spins of 1/2. (The magnetic 
moment of such a particle will be considerably less than that 
of an electron because of the greater mass.) Land^ has there- 
fore proposed a theory to explain the origin of the nuclear 
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spins. In this theory Lande considers that the nuclear spin is 
to be attributed to the single odd particle, neutron or proton. 
This particle has a spin of 1/2 and is also assumed to have- an ' 
orbital angular momentum which may have a quantum number 
0, 1,'2, 3, etc., exactly analogous to the lvalue of the electron 
in its orbit. The spin of the odd panicle, together with iis: 
angular momentum, combine to form a resultant which is the 
nuclear spin. This theory of Lande succeeds in explaining 
why only small nuclear spins are observed. , For example,' the 
nuclear spin for arsenic has been stated to be 3/2 and this 
could arise from the addition of the spin of the odd proton 
either in parallel with an orbital momentum of 1 or anti-parallel 
with an orbital momentum 2. 

The theory is able to show that the nuclear magnetic moment 
will be different in the two cases. The calculations made on 
this basis for a number of nuclear magnetic moments are in 
fair agreement with those observed. Even when the hyperfine 
structures have been accurately measured it is difficult to 
derive therefrom exact values for nuclear magnetic moments. 
It is necessary in some cases to assume that three neutrons can 
contribute to the final resultant spin. 


The distribution of nuclear spins 

It has been shown by Tolansky that the numerical distribu- 
tion of nuclear spins differs in a striking manner for atoms 
with odd nuclear proton and those with odd nuclear neutron. 
The two forms of distribution are shown in Fig. 18.3. The 
shaded areas represent atoms for which a doubtful, but prob- 
able, value of the spin has been deduced. Smaller spins are 
favoured in the atoms with even atomic number (odd nuclear 
neutron). The general form of the distributions can be 
accounted for by the Lande theory of nuclear spins. These 
curves show that the nature of the odd particle decides the 
spin and this is precisely what the Land6 theory predicts. 

The distribution of spins in the small fourth group of atoms, 
those with et?ew mass and odd charge, is of special interest. 
The stable atoms in this' group are The 

nuclear spins are known for these. They are each integral and 
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equal to mity. The deuteron is structurally a combination of 
one proton and one neutron and as each of these constituents 
has a spin of 1/2 it can be considered that in the deuteron the 
spins of the individual components aM up in parallel to give 
a resultant spiu of 1. The lithium isotope of atomic weight 6 
probably contains an ca-particle together with a neutron- 
proton pair in the nucleus. The spin of the a-particle is zero, 






sinee the nuclear spin of helium is zero. , The remaining proton-, 
neutron pair will be expected to haye the same residual spin as in 
the case of the deuteron, namely, unity. This is, indeed the case. 
By a similar argument, the ■ nucleus will contain , , tw'o 
a-particles and ,a^ proton-neutron pair, and the nucleus 
three a-particles and ' a ' proton-neutron / pair. This' simple 
conception /therefore, predicts that the spins of all .the four 
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members of the group will be identical and equal to unity, a 
prediction^ which is in complete agreement with observation. 

It is to be noted that the Lande theory implies the existence 
of extremely small oihits within the very small radius of the 

which is of the order of 10"“^^ cms. 

* 

Atomie particles^ nuclear particles and their transitions 

An analogy can now be drawn between the properties of 
atoms and nuclei. This is shown in the following table, 
suggested hj*- Heisenberg : — 



Outer atom 

Nucleus 

Constituent particles which 
can foe emitted. 

electron 

proton 

nSutron 

C5C-particle 

Emission during transitions. 

photon 

v-ray (photon) 
electron 
positron 
neutrino 

r positive ] 
meson < negative ^ 

1 neutral J 

Corresponding field. 

electromagnetic 

electromagnetic 

De Broglie waves 

Type of force. 

Coulomb field 

Coulomb field 
exchange force 


It is evident that nuclear phenomena are much more com- 
plex than atomic phenomena. More particles may yet be 
discovered. There is, for example, always the possibility of a 
negative proton being found. 
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CHAPTER 19 


THE RELATIVITY THEORY 

The Miehelson-Merley experiment 

The Theory of Relativity, propounded by Einstein in 1S05, 
and the quantum theory of Planck, have completely revolu- 
tionised modern scientific and philosophic thought. In the 
present chapter the restricted or so-called Specml Theory of 
Relativity will be discussed. This is based upon a celebrated 
optical experiment carried out in 1897 by Michelson and 
Morley in an attempt to measure the drift of the ether past 
the earth, as it moves in its orbit round the sun. 

Physical theory, particularly that associated with the 
propagation of electromagnetic waves, at that time postulated 
the existence of a universal all-pervading ether filling space. 
The earth, in its orbital motion, passes through this ether with 
a high velocity. If, therefore, a beam of light is semt from a 
source to a receiver on the earth in the safm direction as the 
earth’s motion, it should take longer to complete the journey 
than if sent in the direction, against the earth’s motion. 

This is because, on this view, the light travels m the ether with 
a iixxnl velocity, and the receiver is moving forward in front 
of the advancing wave when emission is in the same direction 
as the earth’s motion, and we versa. The aim of the experi- 
ment was the measurement of tliis time difference, from which 
the relative velocify of drift between ike ether and the mrih can 
be calculated. 

To make the ' observations a . Michelson interferometer was 
set up as in Fig. 19.1. ^ A. beam of monochromatic light SA 
was partly reflected, and partly^ transmitted by the half-silvered 
mirror at A. The divided beams fell normally on the mirrors 
C and B and returned to. A' where they united to form inter- 
ference bands, observable by ■ an. eye placed at D, Let it be 
supposed that the paths AC and AB am of ecpml length d. 
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Suppose the whole apparatus moves through the ether with 
velocity v along SB. {v is in this case the velocity of the earth 
in the direction SB.) , Let c be the velocity of light' through 

C' ■ ■ 
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The total time for the journey and back is 

T+Ti=={dl{c+v)}+{dl{c~v)} 

=2c?c/(c^“— t??): ' 

jSiBce the distance travelled by the light is the time taken 
times the velocity of light, the length of the path is 

2f/c2/(c2^-f;2) 

=::=2d(l+t?2/c2) 

•to a first approximation. » 

The, length of the path AC' can easily be derived from 
Fig. 19.2 for AC=<^ and also C'C/AC' =t?/c, hence we have 

(AC')2-AC2+(C'C)2 

fAC')2(l-5)-AC2 



or to a first approximation 

AC'=-d(l+v^l2c'^). 

Since AC'==C'A' the total path AC'A'equals 2d(l+v'^/2c‘^). 

There is therefore a diflEerence dv^jc^ in length between the 
path from A to B and back and the path from A to C and back. 
If the earth were to stop suddenly the interference fringes 
would be displaced, because the path difference would then 
vanish. If the whole apparatus is turned through 90° the 
arm AC now becomes optically longer than AB by 
instead of being the shorter. The eflfeet of rotating the ap- 
paratus is to produce a path difference equal to 2dv^fc^, 
From the known motion of the earth the ratio v/c is approxi- 
mately 10"^. If d is 10 metres the optical path difference is 
2 X 10"”^' cms. This is ,2/5 of a wavelength' of 'sodium/ light, an 
amount very easy to observe since a displacement of only one- 
hundredth of a wavelength can Just be detected. 

The result of the Michelson-Morley experiiaeut 
■ To 'reduce, the dimensions of the apparatus in' order, to main- 
tain the 'temp-crature constant 'and avoid vibrational effects, 
the arms AC and 'AB were kept smal, but '^ to 

10 metres bv a svRtern nf mirmrs reff^^sctina the. beams to and 
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fro before returning to the half-silvered mirror. The whole 
optical system was mounted upon a massive . base which 
floated on a pool of mercury. The apparatus could be kept 
in slow rotation, at a rate of ten complete rotations an hour. 

The result found by Michelson and Morley was 'surprising. 
There was no observable displacement of the fringes, suggesting 
that the relative velocity between the earth and the ether is 
zero, or certainly less than a fortieth of thaf expected. , There, 
wp, however, just the possibility that at the ■ time of the 
experiment the real velocity of the earth in space was very 
small, because of the motion of the solar system as a whole. 
At a given time of the year it would be possible for the orbital 
and solar motions to be in opposite senses and practically 
cancel. To eliminate this possibility, observations were made 
at different times of the year, when the diredtions of the earth’s 
orbital motion are different. In no case was there an 
observable ether drift. 

Aberration of light and ether drift 
When the result of the Michelson and Morley experiment is 
closely considered it is seen to reveal a remarkable discrepancy 
with earlier experiments made to test ether drift. One of the 
most striking of these is Airy’s experiment on the aberration of 
a star. The fact that aberration occurs at all appears to 
show that the earth is in motion through the ether : aberration 
is the apparent angular change in direction of a star due to the 
velocity of the earth. Airy reasoned as follows. Supposing the 
ether to be at rest, then, if a star ts viewed with a telescope 
whose barrel is filled with water of refractive index /x, a greater ■ 
aberration will be produced because, although the velocity of 
the' earth is not changed,' the velocity of the light down, ‘the 
telescope axis ' is reduced by the water. ^ Observation shows, 
however, that the aberration is not affected by the' introduction 
of the water medium.. ' It was shown by Fresnel that the only 
classical ” explanation for this is that the' ether drifts with the 
water in the telescope with a velocity «;(i— where t? is the 
velocity of the earth, in its- orbit. The following derivation 
will prove this, : 
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In Fig. 19.3 let AD be the true direction of incidence of 
l%ht from a star falling upon the object-glass of the telescope 
A. Owing to the velocity of the earth in the direction BF, 
AB is the apparent direction. The angle BAD Is the aberra- 
tion when the telescope is filled with air . If the telescope tube 
is now filled with water, the rays incident at A are refiracted 
by the water to the direction AC, AD being the direction 
of incidence aird AB the normal. From this we have 
smBAD—fj. sin BAG; or as the angles are small, BD=/iBC. 
Since the velocity of light in water is 1/ft that in air, the time 
taken to traverse the water-filled telescope must be fi times 
that taken to traverse the same telescope when filled with air. 


A 



The eyepiece will therefore have arrived at E, where BE=ftBD, 
when the ray is expected to arrive at C. 

Since observation shows ihat the aberration is the same as 
with an air-filled telescope, the ray mtist a^uatty arrive at E 
and not at O. The only explanation is that the ether drifts the 
distance CE whilst the ray passes down from A. However, the 
water has moved through BE with the velocity v, hence the 
velocity of drift is 

«'=CE.t;/BE 

=(BE-BC)®/BE 

=»(1--BC/BE) 

jFor air the drift velocity is practically zero, since fi is nearly 1. 
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This formula, due to Fresnel, appeared to be' completely 
Terified in another manner as the result of an experiment by 
Fizeau in' 1859 when the difference in the velocity of a beam 
of light , sent with and against a moving stream of water was 
measured. 

■The Lorentz-FitzGerald eontraetion 

The experiments just described establish the fact that when 
we are concerned with moving matter (water) there seems- to be 
' an ether drift, the velocity being that given by the Fresnel 
formula. On the other hand, the Michelson-Morley experiment 
appears to show that the ether surronndi'iig the earth moves with 



the velocity of the earth itself. To remove this discrepancy 
Loren tz and FitzGerald independently proposed a remarkable 
hypothesis now known as the “ Lorentz-FitzGerald contraction 
hypothesis!^ They suggested that the length of the path AB 
in Fig. 19.1, which lies in the direction of the earth’s motion, 
cmtracts d%e to that motion by an amount dv^jicK If this 
happens the optical paths in the interferometer have the same 
equivalent lengths, leading to a null result for the Michelson- 
Morley experiment. The percentage contraction predicted is 
only about 5 x iO”'^ per cent. The contraction in a length of 
2 Kms. is only 10-^ cms, 

; The contraction theory is ■ ■based, upon electromagnetic 
conceptions , ■ which w^ere considered justified because of . the 
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electrical nature of matter. This will' be made clear, by, a 
consideration of what is called the Lorentz trmisfornmtion. 
^Suppose we consider two observers, one 0, at rest, and the 
other'' O' lnoving with a velocity v along the a? axis. Let each 
describe the rectangular co-ordinates of the same point P' 
(see . Fig. 19.4).- The emotion is equivalent to two frames of 
reference (rectangular co-ordinates) in relative motion along 
the X axis. Let the figure represent the state of affairs at a 
time t measured by the clock of the observer 0 and f measured 
by the clock of O'. According to observer 0 the co-ordinates 
of P are x, y, z, and t and to 0' they are oj', y\ z% and f . Let 
0' and' O' coincide ' in space at time zero. Clearly, since 
NN' =vt and as PN' =a:', it would appear obvious that 

x^=.x—vt 

r , 

y =y 

One should be able to transform from the co-ordinates of the 
observer at rest to those of the observer in motion by the 
above simple relationships. This is described as the classical 
transformation for non-accelerated systems. When critically 
examined it is seen to contain the assumption that space and 
time are absolute measurements independent of each other and' 
independent of the systems. 

However, both experiment and theory show that it electro- 
magnetic measurements stated with respect to fixed axes are 
transformed to axes moving mth vehcity v in the x direction, 
the /om of the transformation rules changes. In order to 
maintain a principle of relativity it is necessary to be able to 
transform from axes at rest to axes in motion without changing' 
the form of the equations of motion. Lorentz pointed out that 
the equation forms would be retained unchanged if instead of 
the classical transformation, one used 
x' s=p{X’--Vt) 

f ^p{i—vx/c^) 

in which jS== 1/(1 where e.fe the velocity ' of light:.' ' 

■■ ■ ■ *'■ ■ 
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The differences between the classical 'and the Lorentz trans- 
formations are shown thus': ' 

Mechanical transformation Lorentz transformation 
x'=x--vt x' =^^{x—vt) 

If =4 f=Pp-—vxlc^). 

According to the observer 0 the length he estimates for PN': 
is x—vt. This is less than the length a:' which the observer 
attributes to the same distance since j8 is greater than unity. , 
Each observer therefore ascribes a contraction to the measure- 
ment made by the other in the direction of relative motion. 
Furthermore, space and time are not independent entities but are 
related. ■ ■ 

As jS=l/(l— when v is small compared with c this 
approximately equals l+t??/2c2. The contraction ascribed by 
each observer to the unit length measurements of the other is 
v^j2c^, exactly the amount required to explain the result of 
the Michelson-Morley experiment. 

However, if the proposed contraction has a purely electro- 
magnetic origin^ Lord Rayleigh pointed out that transparent 
moving media should become doubly refracting owing to the 
stresses set up by the contraction. Although sought for, this 
effect has not been found. All the difficulties and anomalies 
have been removed by the Theory of Relativity propounded by 
Einstein in 1905. This shows that the electromagnetic con- 
traction is but a special case of a general law applicable to all 
matter.' 

The Special Theory of Relativity 
Perhaps the most remarkable feature about Einstein’s theory 
is that it is based upon a single statement of fact arising out 
of the Michelson-Morley experiment. This experiment shows 
that the velocity of light measured by an observer w constant 
and does not depend upon his own velocity in the direction to 
and from the source emitting the light. This is the funda- 
mental basic fact upon which the theory rests ^ namely, that the 
velocity measured for light is independent of the velocity of the 
observer. We shall now consider the implications of this.' ■ 

' Let MMi be two mirrors equidistant ' from an' observer , 0. 

, (Fig. 19.5). Let M, Mi and^ O be at rest with respect to eacl| 
other and let 0 and O' have, a relative velocity, in the direc- 
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tion MO.' 0 sends ont light signals simuUmeomly to M and 

Mj and as; OM =OMi the signals return , 

Let the observer O' know that the observer 0 receives the 
returned signals at the same instant. He is not aware of the 
fact that OM=OMi, since the effective velocity of the light 
may be different in the two paths. Let him call the length m 
the direction of motion A and that in the direction' perpendicular 


M, Mi 



Fig. 19.5 

to the motion 1: Let the full lines in the figure represent posi- 
tions relative to O' initially, and dotted lines subsequent 
positions as seen by this observer. We shall follow out the 
deductions which O' would make on the assumption that the 
velocity of light, with respect to himself, is independent of 
direction. 

According to the observer O' the length MM' equals 1 ?% arid 
,OM'; equals cti if % is the .time taken for the light signal, to’ go 
from 0 to the mirror M, which by this time has moved to M'. 

i.e. cti=X — vti 

giving =A/(c+e). 

If <2 is the time taken for the light to return from M' to the 
observer who is now at O'" then M'0"'=d2. Since M'0"=A 

and as 0"0"'=t;«2 
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The total time tahen for the light to go to the mirror M and 
come back is T=fi+f 2 . ' 

Substituting gives 

T=A/(c+p)+A/(c— ») 
a=2cA/(c*— »*). 

9 

So far we have only considered the signal sent in the direc- 
tion of motion, we shhll therefore now examine the behaviour 
of the s^al sent in che pei^ndicular dicection. OMi' is 
equal to 0"*Mi'. As the total time taken for the double 
journey is‘T, because the signals are received at the same time, 
the time to travel over OMi' is T/2, The distance OMi' =cT/2, 
and as 0 has travelled to P during this time (T/2) it follows 
that OP=vT/2, Since OMj'P is a right-angled triangle, 

OMi'2=OP2-fMi'P2 

hence 

giving T=2i/(c2— ®2)*. 

The value just derived for T can now be equated to that 
already found for the other arm, i.e. 

2Ac/(c2 -v2)=2l/(c2-»2)i 
whence A=i(l 

• Thus, according to the observer O', the length I in the 
direction of motion arntracts to A where This 

is exaoUy the contraction required by the Lorentz transformation. 
It has been derived here mechanically and is not merely an 
electromagnetic property. It is easy now to derive the com- 
plete Lorentz transformation- by referring back to Fig. 19.4. 
According to the observer 0, PN'=x— vi where t is the time 
measured by him for 0' to move the distance NN'. The 
observer 0' calls the distance PN',*'. ^ However, as just proved 
above, this appears to 0 to be equal to *'(1— «2/c2)t gi-ving us 

«'(! — «2/c2)t=a:— 

t.e. , x'=^{x—vt) where ^=1/(1— «2/c2)l. 

This is the equation given by XiOrentz for electromagnetic 
transformations. 

The transformation for the time variable is derived from the 
same figure in the following simple manner. PN==PN'-1-NN', 
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and according to this is equal to x* The length PN, 
which is X for the observer 0,. appears by^ the above reasoning 
to be the observer 0' who therefore equates . 

a;(l — 

which gives 

Since, however, x'^^{x—vt) we can substitute for x‘ and we 
'■find that ■ 

.:==p^x--pHi+pvf, 

Eearranging gives 

but l^p:=^{l^ll(l^v^lc^-)} 

, =_t?2j32/c2. 

Hence i ^vt' 

giving f ==^p(t—vxjc^). 

By similar reasoning 

^=:P(i'4.t?a;/c2). 


lengths 'perpendicular to the direction of motion are mi 
aj^fec^e^? we finally obtain 


x' ^^{x—vt) 
y'^y 




f :==^^{t--Vxlc^) t^p{f+VX'jc^), 

This is the complete Lorentz transformation. 


Physical significance of the transformation 
. :,We .shall now derive , a - number of important physical con- : 
elusions by applying the above transformations. These hold 
for all matter since they have been derived in terms of dynaiaics 
only, without invoking any electromagnetic properties 
lated by Lorentz. It is clear that observers' in relative motion 
ascribe a contraction to each other’s lengths. This is of great 
importance and can explain many physical - phenomena, such ; 
as the result of the Michelson-Morley experiment. 

Observer’s times as well- as Jet 2 ^,^As are affected' also. Con- 
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sider B: clock on th© system of 0' at the origin, i.e. where x' is 
zero. From the above transformation However, f is 

the time of the clock' according to 0' and ^ that according: to 
0, and as JS is greater than one, more time has elapsed according 
to 0 than according to O'. It follows that all movements on 
the reference frame of 0' appear lethargic to 0. The opinion 
is reciprocal, for a clock at the origin of the reference frame of 
0(x^zeTo) obeys the relationship leading to a similar 

conclusion. The clocks would appear infinitely dow if one of 
the observers were moving with the velocity of light. 

Consider now a particle moving with constant velocity 
along the x axis. According to the observer 0' the particle 
moves from the point xi at time ti to the point at time 
t2- He therefore ascribes to it a velocity , 

'»l' =(* 2 '— «l')/(<2'-«l')’ 

In a similar manner the velocity of the same particle is 
estimated by the observer 0 to be 

Substituting from the transformation equations for Xi, 
ti, t2in the latter expression (remembering that v is the relative 
velocity of the two observers), leads to 

^ih' +vx^’ +vxx jc^) 
dividing through by j8 and then rearranging gives 

■0 - 

Dividing top and bottom by fz—h' leads to 

1-j-VVi jc^. 

This is the law for the addition of velocities and may be com- 
pared with the classical or Newtonian law which states simply , 
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that if reference frames hare a relative velocity of v and if the 
particle velocity estimated by O' is »i', then that observed by 
O is just Vi=(v4-»i')* 

The velocity of light 

The law for the addition of velocities leads to a very impor- 
tant conclusion relating to the maximum velocity attainable. 
Suppose that to an observer O' the particle has a velocity equal 
to c, the velocity of light. Since the observer O' is moving 
past 0 with a relative velocity v it is of interest to see what 
velocity 0 will now ascribe to the moving particle. This is 
obtained by putting vj'=c in the formula just derived. When 
this is done we get , 

* 

^^~l+ve/c^ 

=c. 

A surprising fact therefore emerges. 0 also measures the 
velocity of the particle as the velocity of light. This is indeed 
in harmony with the fundamental assumption originally 
made, namely, that the velocity of light is independent of the 
velocity of the frame of reference. It is clear that the maximum 
velocity ever aMairuMe is that of light, for the addition of the 
velocity » to a particle with the velocity of light c results in a 
final velocity c. This limit to the velocity attainable in 
nature is of ^damental importance. 

The contraction in length in the direction of motion is also 
associated with the limit of attainable velocity. It has adready 
been proved that a length I contracts by virtue of its velocity 
V to Z(l— a2/c2)i. If V has the value c, i.e. if the matter moves 
with the velocity of light its length becomes zero. Thi s is 
clearly not possible, hence a particle can only approach but 
never attain the velocity of light. In the next section it will be 
shown that mass depends upon velocity. The mass of a 
particle becomes infinite when it acquires a velocity equal to that 
of light, another fact showing that this velocity is never actually 
attainable by matter. Therein lies the fundamental distinction 
between matter and quanta, since the latter do have the 
velocity of light. 
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The rntMiBn 0f mass with leloeity 

According to classical mechanics mass is constant under all 
conditions of velocity and acceleration. Relativity considera- 
tions show that this is not the case. Consider what takes place 
when two ■ balls of eqnal mass , {when compared ■ together in the 
same reference frame) impact together at an, angle. As shown 
in Fig. 19.6 they move off after the « 

impact with the horizontal components 
of the initial velocities unchanged and 
with the vertical components reversed. 

Let the two observers 0 and O' 
have spheres of equal mass {compared 
at rest) and let the observer O' have 
a velocity v in the x direction. Each 
observer projects his sphere with {accord- 
ing to himself) the same speed Y in 
the y direction so that they will meet 
half-way between the observers at the 
point A (see Fig. 19,7) when 0 and O' are directly opposite 
each other on the y axis. To do this O' must project his 



Fig. 19.6 





sphere from the point O j'. Ab the x-component of velocity oi his 
sphere, is not affected by •the impact it will return tO' the' observer 
at the point, O 2 ' such' that 0i'0'=0'02':' The y components 
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of velocity, of the spheres are interchanged and, as both , are V, 
each returns back 'to Ms own observer with the same velocity, 
namely , V,. , ' 

O ' infers that the momentum in the |/ direction of the other 
sphere is equal to that of Ms own, since the latter returns with 
unchanged velocity, --If then, in his reckoning, the mass and 
velocity of his sphere and that of the other observer are m, V, 
and mi, Vj, respectively, he equates mV=miVi. As the 
.meeting point A is half-way between 0 and 0',. the, distances 
OA and O'A are the same to both observers, ^being perpen- 
dicular to the direction of motion and, according to the trans- 
formation, not affected in length. 

However, the time which 0 thinks is taken by the sphere 
from 0' to reach A is jS times longer than the time he con- 
siders to be takenrby Ms own sphere. Hence to 0 the sphere 
of O' appears to move at a velocity slower than V, i,e. with a 
velocity V/jS. Thus he equates Vi=V/j8. This leads to 

mV=miV/j3, 

i.c. mi=mj8 

or mi=m/(l— 

This relationship shows that, according to 0, the masses on 
the reference frame of 0' increase with velocity, being infinite 
if the velocity of light is reached. This law relating mass and 
velocity has been directly confirmed by measuremenis of the 
masses of high-speed electrons. ¥ery many observations made 
with both bound and free Mgh-speed particles indirectly con- 
firm this law wMch is now firmly established. The change of 
mass with velocity is very important in spectroscopic theory, 
for in elliptic orbits the velocities of the electrons are so great 
when near to the nucleus that the mass change with velocity 
affects the energies of the orbits considerably. 

The four dimensional eontinuum 

To conclude this survey of the Special Theory of MeMivity, 
a brief indication of its further , development to accelerated 
systems, called the General Relativity wiE be considered. 

The application of the Special The,ory to the conception of a' 
four 'dimensional continuum made by Minkowski, is the inter- 
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mediate stage in the evolution of the gravitational theory of 
Einstein. When the equation of a line m Cartesian co-ordinates 
is transfornied we arrive at the following. ' 

The distance s between two points with co-ordinates ' 
and X 2 y 2^2 given by 

s^=ia:2—xi)^+(y2—yi)^+{z2-zi)^. 

On applying the transformation eqnatioiss we must expect 
to arrive at an equation of the same form in the co-ordinates 
of a second fraipao of reference, moving with respect to the first 
with velocity v. This is described by saying that the equation 
must be an invariant, i.e. unaltered in form by a change of axes. 
When the transformations already derived are applied to the 
above equation the result is ^ 

^2 ^Xi)+v{t2 —ti)}^+{y2 ’—yi)^-\-{Z2 —iSi')" 

which clearly depends upon v and is certainly not similar in 
form to the original equation. 

It will be found by substitution that the expression 

= (0^2 +(^2 '—yi)^+{Z2 — 251 -“C2(^2 — 

does remain invariant when a transformation is made. For a 
line element this invariant form of equation is 

The units of length, etc., can be adjusted for mathematical 
simplicity so that the velocity of light c is unity (is. the unit 
of length is 3x10^^ cms,). This simplifies the invariant 
slightly to 

ds^=dx^'\-dy^’\-dz^--dP. 

Physically this means that a length is not described by the 
(hree dimensions dx., dy, dz, but in addition, tho time dimension 
df is forced upon us. The quantity ds is called a points 
event and is not exactly, a distance' in space but is an interval 
in a four-dimensional continuum involving space and time 
inextricably ^ bound to each other: 

; It wil' be noticed, j&om the first form of the invariant,' that 
whm ds—O we hme c^==idx^’i-dy^+dz^)ldt\ is. sometMiig 
■ moving with the velocity of light. This can only be a ' light 
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qmnlum {ov a ray of light) hence the equation is that 

for a ray of light. 

In the four-dimensional continuum the equivalent of a 
straight line is a line making ds a minimum. This is termed a 
“ geodesic.” It is clear that the history of a particle can be 
represented by the integral of ds, such an integral being called 
a “ world Him.” An ordinary “ event ” consists of the inter- 
section of two vxndd lines. 

The General Theory of Relativity ^ 

A discussion of the General Theory of Relativity passes 
beyond the scope of this book. By extending the special 
theory to acceler(iting systems, Einstein has derived a law of 
gravity superior jfo that of Newton. The Newtonian inverse 
square law of gravitational attraction appears as a first 
approximation in the new law. Briefly speaking, Einstein 
assumes that presence of matter distorts the curvature of the 
four-dimensional space. This ultimately leads to what is 
equivalent to gravitational attraction. 

Three possible experimental confirmations of this abstruse 
theory were predicted by Einstein, namely : 

(1) It had long been known that the orbit of the planet 
Mercury exhibits a precession of 42' arc per century, a pheno- 
menon which cannot be explained by the inveme square law 
of gravitation. Einstein foxmd that the orbit of a planet is 
only a Kepler ellipse to a first approximation. When the 
second order terms are derived from the new theory they show 
that the major axis of this ellipse should process with an angle 
equal to Ortv^jc^ per revolution, v being the orbital velocity 
and c the velocity of light. This is' emctty the amount of 
precession observed in the case of Mercury. 

(2) The theory shows that as matter distorts the continuum, 
this is equivalent to the production of a variable refractive index 
in space in the neighbourhood of matter. Light passing close to 
the sun should be deflected slightly by an amount that can be 
calculated. Measurements made during eclipses of the sun on 
the apparent positions of stars close to the sun’s edge com- 
plddy verify the predictions. 

(3) It can be proved that the frequency of a rotating or 
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resonating body is slowed down by a gravitational field. 
From this it follows that the wavelengths of spectrum lines 
given out by the sun are displaced slightly to the red compared 
with those given out on the earth, where the gravitational 
field is much less. The calculated displacements are very 
small (of the order of 0-008 A) and are just on the limit of 
observation. There is on the whole evidence in favour of the 
effect on the sun. In the very heavy stars the effect can be 
measured. 

It can be cpnsidered that the predictions of the theory have 
been confirmed by observation. Thus the very remarkable 
theory based upon such apparently intangible ideas has been 
completely vin^cated. 
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RECENT DETERMINATIONS OP IMPORTANT ATOMIC 
CONSTANTS 

e ' ■ ■ ■ ■ 

■ Within recent years a number, of. high precision experiments 
have been made in order to increase the accuracy of the 
experimental values for a nnmber of fnndaineiital atomic 
quantities such as- the electronic, mass, the electronic, charge, 
Planck’s constant, the velocity of light, etc. Frequently 
several of these ^independent quantities enter together in 
a particular experiment, and as each investigation involves 
its own percentage experimental error, a careful statistical 
analysis of all the experimental data must be made before the 
most probable values can be deduced. From the viewpoint 
of atomic physics, most attention has been devoted to the 
determination of the electronic mass and charge and indirectly 
it has been necessary to evaluate more accurately a number 
of other physical constants. 

Considerable controversy has in the past existed concerning 
accurate values for the electronic charge e and the electronic 
mass at rest mo. With increasing precision these difficulties 
have now practically disappeared as will be seen from the 
following data compiled by Dunnington with modifications by 
Birge added. In order to derive, the numerical values of e and 
niQ from the experiments to be described, a number of auxiliary 
constants are required but in all of these the accuracy is such 
that any errors which remain do not contribute' to the incon-, 
sistencies which led to the earlier' controversy. The auxiliary 
constants are-: 

Table I 


Faraday (Intemationa! coulombs per mol) , - . - . 
Velocity of light (cm./sec.) ■ . . . . . 

Eydberg constant (cm."*^) . . .... . . 

Gas constant (erg/deg, mol.) . . . . . . 

Batio of mass spectrographic to chemical weight 
Kydberg constant (infinite nucleus) . . . 

Value adopted for Planck’s constant A (erg see.) 


mmm±5 

i09677-58±0-CI ' 
8*31M±OO0O4X1O^ 
■1-00'C276' 
i0§737*S0±'0'C2 
6*fi24±0*002 X .10-*’ " 
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It is found that the best methods for fixing the electronic 
mass and charge involve first the determination of c/wio 
and then of e. We shall consider first the various e/mg 
values. 

e/mo . 

The measurements on ejm^ can be divided into two distinct 
groups depending -upon whether the electron is bound to an 
atom or is free. The first group includes the precise spectro- 
scopic methods and the second group the electric and magnetic 
deflection experiments. The investigation of Bearden upon 
the refractive index of a diamond prism for X-rays can be 
considered as belonging to the free electron group. The results 
are tabulated below. , 

Table II 


Observers 

Bate 

Method 

Result X 10~^ 
e.m.u. 

Houston . . .. 

1927 

Fin© structure 

1-7607 

Kinsler and Houston 

1934 

Zeeman effect 

1-7571 

Shan© and Spedding 

1935 

Fine structure 

1-7582 

Williams . . 

1938 

ditto 

1-7680 

Houston 

1938 

ditto 

1-7593 

Drinkwater, Richardson 
and Williams . 

1940 

ditto 

1-7591 

Perry and Chaffee . 

1930 

Linear acceleration 

1-7610 

Kirschner . . - • j 

1932 

ditto 

1-7590 

Dunnington . . 

1937 

Magnetic deflection 

1-7597 

Shaw . 

1938 

Crossed fields 

1-7581 ■ 

Bearden 

1938 

X-ray refraction 

1-7600 


Weighted mean e/mo= 1*7692 j^O-OOOSx 10'^ e.m.u. 


The various methods employed may be described briefly as 
follows:— 

(1) Comparison of the wavelengths of corresponding lines in 
the lin e spectra of hydrogen and helium, together with Bohr’s 
theory of spectra, gives a precision value of ejm. 

(2) When a line source is emitting in a strong magnetic 
field, then, in suitable eases, the Hues split up into a number, 
from the separation of which c/m can be derived. 

(3) If vi and are like components in the fine structures 

22 
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of H and D lines respectively, H+ and D+ the masses of the 
nuclei, and F is the Faraday, then 

e/m=(F/l- 0081 )(D+>'i’-H+V 2 )/D+(v 2 -vi) 

and m=H+D+(^. 2 -vi)/(D+vi-H+v 2 ). 

This method has very high precision. 

(4) In the linear acceleration experiments, of which there 
are a number of variants, electrons are accelerated by a known 
field and the velocity attained is measured accurately. 

(6) The purely magnetic deflection method .employed by 
Dunnington has already been described. 

(6) Modern methods using crossed electric and magnetic 
fields are refinements and improvements on the original 
classical method of Thomson. 

(7) From measui^ments of the refractive index of a diamond 
prism for X-rays of known wavelength, e/m can be found in 
terms of the known grating space of the diamond crystal. 

It is clear from the data in Table 11 that the different values 
have a random distribution so that within the present limits 
of measurement the value of c/uio cannot b6 considered to be 
affected by the degree of binding of the electron. 

e 

The electronic charge e can only be measured directly with • 
precision by the oil-drop method, in which the velocity of a 
drop in a gravitational field and then in a combined gravita- 
tional and electrical field is measured. There are, however, at 
least ten other ways by which the electronic charge can be 
indirectly evaluated. In these experiments various combina- 
tions of c, wio, and A occur, and by combining these where 
necessary with the known values of Rydberg’s constant or the 
velocity of light c, appropriate methods of algebraic elimina- 
tion can be applied and from each a value of e can be derived. 
The results obtained by these methods are tabulated in 
Table III. 

The methods may be briefly descTibed in turn as follows : — 

(1) The wavelength of a particular X-radiation is measured 
with a ruled gratii^ and then with a caleite crystal. From the 
derived grating space of the latter the charge on the electron 
can be calculated. 
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Tabmj in 


Method 

Combination . 
meaanred 

ex 10^® e.s.u. 

Rwled grating . . 

e 

4-8026 

X-ray continuum limit 

hje 

4*8026 

Ionisation potentials . . , . 

hje 

4*8090 

Wien's radiation constant , . ... 

hje 

4*8146 

Stefan -Boltzmann radiation constant . 

ejhi 

4*8168‘ 

Electron diffraction (crystal) 

(fc/e)(e/m-,)l 

4*7964- 

Electron diffraction^^film) . . . . 

hjm^ 

4*7972 

Compton effect 

hlm^ 

4*7966 

Specific charge 

«/>»o 

4*7963 

X-ray photo-effect 

(e/w»o)(e/A) 

4*7963 

Oil iop method, • ^ . . , . . . . ' 

r 

4*8036 

Oil drop method * * 

e 

■1 ' 

4*802 


Weighted mean e=4*8Q25 j::0*00Q4 x e.s.u. 


(2) In this method the minimum voltage at which electrons 
can produce X-rays of specified wavelength is determined. 

(3) Ionisation potentials are measured by the method of 
electronic impact. 

(4) Wien’s radiation constant is derived from heat radiation 
observations. 

(5) The Stefan-Boltzmann constant is obtained by measuring 
the net radiation per square centimetre from a heat source at 
known temperature, 

(6) Electron diffraction observations with a crystal give the 
de Broglie wavelengths of the electrons used in terms of the 
crystal grating space. 

(7) The diffraction of electrons from surface films, when 
examined, leads to a value for A/wo* 

(8) The. same quantity is obtained from Compton effect 
studies on the scattering of X-rays, the effect of binding being 
taken into account. 

(9) The methods for evaluating the , specific charge have 

already been discussed. 

(10) X-ray photo-electrons are ejected from a thin film with 
radiation of known frequency and the electron energies 
measured using a magnetic deflection method. 

(11) The largest error in the oil-drop method lies in the 
value of the coefficient of viscosity of air. This has recently 
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been re-determined and has led to a modification of the' earlier 
Talna reported for the charge by Millikan. 

The best value for the mass of the electroHj derived from 
the charge and the ratio of mass to charge' is 

mo=9vI066x lO“"^^ gms . 

To the quantities already enumerated three more can be 
added. Accordmg to Millikan (1938). the best value for 
Avogadro’s number is ' \ 

N=6>023rb0*001 X 10^^ per mob 
With this the mass of the hydrogen atom becomes 
M = 1^674 X 10-^^ gms. 

The third quantity is the mass of the neutron. This is best 
measured by disintegrating heavy hydrogen with gamma- 
radiation of known wavelength. The most recent value found 
for the mass (Chadwick, Feather and Bretscher, 1939) in terms 
of oxygen = mass 16 is 

neutron mass= 1*00895. 
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lUCLEAR FISSION AND ATOMIC ENERGY 

Expiratory , ^ 

Iii Chapter XVIII the nuclear fission of uranium was briefly 
mentioned and it was hinted that this might constitute a vast 
source of nuclear energy. Research in this field, culminating 
in the atomic bomb explosions of 1945, was being intensively 
pursued secretly throughout 1939-45, but it^ is only recently 
that the secrecy ban has been lifted and an ^ account of this 
work can thus be included in this reprint as an appendix. 

Nuclear Fission 

In. accordance with the Einstein principle of the equivalence 
of energy and mass.(E=mc2 where c is the velocity of light) it 
follows that a kilogramme of matter, if completely transformed 
into heat energy, could convert over 30 million tons of water 
into steam. This conversion is the source of stellar energy of 
radiation, and apart from separate individual atomic disinte- 
grations naturally associated with cosmic rays and radio- 
activity, no such energy conversions normally take place on 
the earth. 

The practicah application of nuclear disintegration processes 
to both the production of an atomic bomb and to the future 
probable employ as a source of power, owes its origin to the 
utilization of the nuclear fission of uranium, first demonstrated 
by Hahn and Strassmann in 1938, the mechanism of which 
will now be discussed. A comprehensive theory of the process 
has been developed by Bohr and Wheeler with the following 
general conclusions. 

If a neutron be captured by a heavy nucleus then there will 
be either (1) photon radiation, or (2) neutron emission, or 
(3) fission. There is competition between these processes, 
depending largely upon the state of stability of the; nucleus. 

: If the energy of capture is transformed into deformation of the 



342 


INTBOBXTOTIOK TO ATOMIC PHYSICS 


Bttclear '' drop, ’Vas postulated by Bohr, then minder suitable 
conditions the drop ’' deforms so far as to split in two, since 
excitation of the' nmcieus by absorption of the neutron leads to 
oscillations like those produced in a water drop by surface 
tension. Some very heavy nuclei are near the Emit of stable eon* 
stitution, and it does not require great energy to initiate fission. 

Experiments made by separating the fission products arising 
from the neuti^on bombardment of uranium estabEshed that 
the latter spEts up into two nuclei of roughly equal mass, , with 
a great Eberation of energy. The two new, charged nuclei, 
being formed within the smaE distance of a nuclear radius, are 
violently repeUed with great energy. There is an energy gain 
of some 200 milEon electron volts at the expense of mass con- 
sumed in the pi^pcess. In 1930 JoEot, Halban and Kowarski 
showed that thg fission of one uranium atom by om neutron is 
accompanied by the simultaneous emission of three other 
neutrons. It is this latter fact which permits of appEcation 
of fission to practical purposes. For it enables initiation of a 
chain reaction in a large mms of matefrM, resulting 

in a rapid geometric increase in fissions, once the first fission 
has started, in a manner recaUing the formation of a cosmic 
ray cascade shower. 

Bohr and Wheeler showed that a rare isotope of uranium 
was involved in the observed fission. There are three isotopes 
in uranium masses 238, 235, 234 (abundance ratios 1 : 1/140 ; 
1/17,000). These investigators showed that the binding energy 
of a neutron in a heavy nucleus of even charge is less when the 
mass is odd than when it is even. This points to 235 as the 
responsible atom and this was confirmed fay energy measure- 
ments. It was also shown that 238 could undergo fission too 
but only when bombarded by high energy neutrons, whilst 
235 required only low energy (thermal) neutrons to initiate fission. 
This prediction of the theory was confirmed by e^trmting a 
small amount, of 235, using a large mass spectrograph, as; the 
instrument for isotope separation. 

, The mechanism of fission of 235 by neutron absorption 'can 
thus be represented by the reaction 




neutrons 

,(«) , fission product 
(b ) ' fi88,ion product 
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: ' The is unstable and breaks up in a short time period" 
estimated to be second, emitting high speed neutrons. 

■The two fission products have variable masses, one being in 

■ the range 124-134 and the other in the range 90 - 100 . ^ Both 
products are. unstable and decay by successive beta emissions' 

I with periods ranging from fractions of a second to over one 
\year, 

• ■ 

Chain Reaction 

Theory of»the reaction showed that if a chain reaction could 
at alf h© initiated, then for equal weights, the energy produced 
would be many millions of times that of chemically burning 
fuels. T\o conditions are necessary for onset of a chain 
reaction : the mass of reacting material must be large 

enough to absorb and conserve the neutrons which would other- 
wise escape, leading to collapse of the chain of collisions ; 
(b) the purity must be high, that is, the quantity of non-active 
material capable of absorbing (and wasting) neutrons, must 
be strictly reduced. With the critical mass is shown by 
calculation to be only a few kilograms (less than 100). But 
the chain is normally prevented through absorption by 
the 140 times more abundant which is in this sense an 
impurity. If can be isolated reasonably free from ad- 
mixture, the critical mass will spontaneously lead to a violent 
chain reaction, exploding with a power calculated to be of the 
order of that of 8,000 tons of TNT. This fission explosion only 
occurs when the critical mass is reached, for in a smaller 
volume of metal than one neutron is conserved per fission, 
as there is escape at the surface and the chain fails to develop. 
For a sphere of metal the neutron escape depends on the sur- 
face, i.e. on the square of the radius, but the absorption depends 
on the volume, i.e. the cube of the radius. Clearly as the 
radius is increased, from a small value, a critical size is reached 
and above this more neutrons are produced than are lost, and 
the explosion develops rapidly. 

Quantities less than the critical amount are completely stable 
and quantities exceeding this spontaneemsly explode. A mass of 

■ metal exceeding the critical mass cannot therefore exist. ' 

' To produce the explosion it is only necessary to bring inti- 
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mately together mechanically two quite safe pieces of 235 
metal each of mass somewhat greater than half the critical 
value. This mechanical operation constitutes the act of 
detonation. No other mechanism for artificially inducing the 
explosion is required, for there are always produced in any 
mass of metal a number of free neutrons by incident cosmic 
radiation, and these suffice to start the explosion. 

• 

lature of the explosion 

If an appreciable fraction of the atoms' in a mass of 235 
metal break up rapidly by fission, the energy thus^ liberated 
leads to a violent rise in temperature, which might be of the 
order of 10,000,000'* C. and will be accompanied by a pressure 
of many millions bf atmospheres. Radiation, being proper- 
tional to the fourth power of the temperature, will be intense 
and the associated radiation pressure will be correspondingly 
high. There is also intense gamma radiation and a great cloud 
of radioactive matter forms. 

Under such conditions it is clear that the disintegrating 
material will itself expand at great speed. As the expansion 
leads automatically to a fall in density, netitron absorption 
will diminish and the chain reaction will quickly collapse. It 
is essential that the fission reaction chain will develop so 
rapidly that a considerable portion of the material reacts before 
dispersal. The life- time of the reaction is small enough and 
the neutrons are sufficiently fast to ensure that this important 
condition is actually fulfilled.' 

The life-time of the total explosion itself is very small and 
is determined 'by the rate of expansion which ultimately leads 
to cessation, of fission. Ail the 235 is not converted and the 
calculations which have been made on the energy liberated 
take into account only the fraction consumed. 

Separation of 

The production of' several kilogrammes of separated 
represented a major national effort in the U.S.A. " The pro- 
cesses tried included diffusion, distillation, centrifuging, thermal 
diffusion,, chemical exchange and separation by mass spectro- 
graph, using a 2,000 ton :magnet., ' The ■ major separation was 



APPENDIX 




achieved by gaseous diffusion using , a gaseous compound 
possibly like UFg. The two isotopic compounds 

have masses 349, 352, hence a single diffusion through 

/352 ' ' 

a porous barrier enriches by a factor a== J 

It is such small ratios which lead to the installation of a vast 
plant before practical separation can" be achieved. Many 
thousands of stages are required and the initial quantity of gas 
needed is some 100,000 times the quantity ultimately obtained, 
so* that 100 kilogrammes separated require 10,000 tons of 
uranium. Thousands of pumps and many acres ^ of diffusing 
barrier were necessary. The cost was of the order of a hundred 
million pounds. The achievement is unique in the history of 
science. 

Sufficient was obtained for the manufacture of a small 
number of atomic bombs. The project was'highly speculative 
since no preliminary small-scale test bomb can be constructed. 
The final production and detonation of the bombs confirmed 
the whole theoretical prediction. 

The Pile 

Experiments showed that at certain neutron speeds 
had a large probability of capture, but instead of fission, 
is formed. This is unstable (beta active) and on decay leads 
to Sb transuranic element, i.e. one of atomic number greater 
than 92. This element ggNp^s^ has been named neptunium and 
the reaction is 

Neptunium is beta active and decays to another new element 
94pu230^ pliitonium, thus 

,3Np239_^^Pu239+e. 

The importance of this reaction is that plutonium is easily 
separated chemically from the uranium and in accordance with 
the Bohr- Wheeler theory its fission properties should closely 
resemble 

Now roaterials of low atomic weight {e.g. carbon, but prefer- 
ably deuterium) can slow down fast neutrons.. If.. ordinary 
uranium- be mixed with such a moderator ’’ any fast neutrons 
from U335 fissions that may be initiated by cosmic rays, etc., 
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will be slowed down and then absorbed by to form 
ultimately. , 

A large complex lattice -of lumps' of uranium, distributed 
within a moderator is called a- “ pile.’’ By such a device the 
neutron velocities can be slowed down to the required values 
for producing fissions, and the atoms do not effectively 
destroy the reaction c,hain (neutrons of intermediate energies 
have a resonance reaction with 238). 

,:Siich ,a large pile can be. maintained self-sustaining and' thus 
'..become .a power plant. ' ■ Thus the production of power requires 
a slow-neutron induced fission chain in a pile, wiiilst an atomic 
bomb requires a fast-neutron chain in or Pu^^^. 

In 1942 a small ^i\e was produced using pure graphite as 
moderator. As the pile was built up the critical dimension for 
the particular concentration of 235 used was reached (several 
tons) and additional mass led to a self-sustained reaction. 
The first pile contained 6 tons of uranium and produced the 
low power of 200 watts, but this was sufficient to confirm the 
theory. The reaction is controllable by the insertion of strips 
of absorbing metal (cadmium). To produce 1 kilogramme of 
per day the pile must operate at about 1 million kilo- 
watts, from which it is seen that an effective Pu^*'^^ producing 
pile must contain thousands of tons of uranium metal and 
represents a vast engineering project. 

The pile warms up and the cooling problem is a great one. 
Furthermore the uranium must be protected from corrosion 
and oxidation. To add to the difficulties the neutron radiation 
from the pile is ' so great and dangerous that all operations 
within this vast structure' must be automatically controlled 
from a considerable distance ' away. No operators can ap- 
proach a pile, which has to be enclosed in thick concrete walls. 

The individual piles, of which a number have been con- 
'.structed, cons.ume only a few, grammes per day of uranium. 

An opening at the top of the pile lets out an intense uniform 
beam of neutron’s, which serve, as a source for further experi- 
ments. 

The plies now in. -operation' function principally, as producers 
..of- :'Pu2^^ and. .other ...radioactive mate,rials. The energy 
liberated is not at' ' .present available for practical purposes 
since it is the low -efficiency energy 'in: .th^^ heated up 
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water-cooling system, and is allowed to go to waste. The 
technological problems' of running a pile at high temperature 
have not yet been solved. When they are, the pEes may 
become practical sources of power on a great scale. The pile 
is , permitted to run for some time and pieces of uranium are 
subsequently removed and the plutonium -extracted chemicaly . 
The recovered ,i;iranium is used again, and by this means a 
stock of plutonium is slowly accumulated. ' 
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